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ABSTRACT 
 
Full Name : [Assad Ahmed Abdallah Barri] 
Thesis Title : [Identifying Optimum Conditions for Stable Wormholes 
Created by Chelating Agents] 
Major Field : [Petroleum Engineering] 
Date of Degree : [May 2015] 
 
Acidizing of carbonate formations is a common practice to reduce the formation 
damage near the wellbore. In fact, acid stimulation removes the damage created by 
the drilling and completion fluids and also creates channels (wormholes) that can 
bypass the damaged area. In this process, acidic solution is injected to dissolve part 
of the rock matrix and creates conductive channels that facilitate the flow of 
hydrocarbons to the wellbore. Recently, researchers investigated the usefulness of 
chelating agents as stand-alone stimulation fluids to create wormholes in carbonate 
reservoirs. They showed that chelating agents can effectively be used as stimulation 
fluids especially in the cases of high temperature and low injection rate situations.  
This research targets the use of different types of chelating agents at different 
formulations as stimulation fluids for carbonate rocks. The optimum pH and 
concentration values of each solution will be screened to determine the optimum pH 
and concentration as a base of each solution based on solubility tests. Deionized 
water and sea water will be used for stimulation fluids preparation. Carbonate rocks 
will be stimulated using chelating agents such as ethylenediaminetetraacetic acid 
(EDTA), diethylenetriaminepentaacetic acid (DTPA), and 
hydroxyethylenediaminetriacetic acid (HEDTA) to investigate their performance in 
xxii 
 
creating stable and efficient wormholes. The wormholes will be evaluated after 
stimulation using CT scan, NMR, and acoustic measurements to assess the rock 
integrity. This study will provide a detailed description to the performance of these 
chelating agents in creating stable wormholes. Viscosity of chelates will be 
measured at different temperatures and different amounts of Calcium ions to 
establish their relation. At the end, wormhole growth propagation with chelating 
agents will be modeled by matching the actual pressure drop versus the pore 
volume injected using the existing models to test their applicability, and apply the 
necessary modifications to the existing models to obtain the best match. 
Solubility screening studies showed that DTPA and HEDTA chelating agents were 
soluble at pH values as low as 2.0 in all chelant concentrations prepared by 
deionized water and sea water. EDTA was not soluble at pH values less than 5.0 
when sea water was used for dilution. None of the studied chelating was found to be 
suitable as iron control agent to be added to 20% HCl acid when sea water was used 
for mixing.  5% DTPA and HEDTA chelating agents were found to be good iron 
control agents for 20% HCl acid. Core flooding studies showed that the optimum 
injection rate for the chelating agents was in the range of 1.5 – 2.0 cc/m when both 
minimum chelant volume and minimum experiment time were used in 
determinations. Studies on the rock elastic properties revealed that chelating agents 
have negligible effect on relatively strong carbonate rocks such as Indiana 
Limestone, whereas, less strong rocks such as Austin Chalk can be highly affected 
by injecting chelating agents.  
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يٍ انًعهٕو أٌ اسزعًبل انًشكجبد انحًعٍخ لاَعبش انصخٕس انكشثٍَٕخ يٍ الايٕس انشبئعخ نزقهٍم الاظشاس فً 
سٕائم  الايش اٌ أسزعًبل الاحًبض ٌضٌم انزعشساد انُبردخ عٍ سٕائم انحفش ٔ انًُطقخ قشة ثئش انُفػ. فً حقٍقخ
س رهك انطجقبد انًزعشسح. ٍٕ ثقٕة ٔقُٕاد داخم انصخش انكشثًَٕ يًب ًٌكٍ انُفػ يٍ عجٌ, ٔ اٌعب ركٕالاكًبل
ٍ قُٕاد فعبنخ رقٕو ثزسٍٓم اَسٍبة ٌخلال عًهٍخ الاَعبش ْزِ رقٕو انسٕائم انحًعٍخ ثبراثخ خضء يٍ انصخش نزكٕ
ثجحث يذي فبئذح انًشكجبد انًخهجٍخ كسٕائم اَعبش. ثعط الاثحبد اثجزذ انًٕاد انٍٓذسٔكشثٍَٕخ. حذٌثب قبو انجبحثٌٕ 
فبعهٍخ ثعط ْزِ انًشكجبد كسٕائم اَعبش خصٕصب فً انظشٔف راد دسخبد انحشاسح انعبنٍخ ٔانزً رزطهت 
 لاَعبش.يعذلاد حقٍ قهٍهخ نسٕائم ا
ْزا انجحث ٌسزٓذف اسزخذاو يشكجبد يخهجٍخ يخزهفخ ثزشكٍجبد يخزهفخ كسٕائم اَعبش. ٔسػ انًحهٕل الافعم سٕاء 
ٌزى اسزخذاو ٕف سٍزى انجحث عُٓب عهى اسبط أخزجبساد انزٔثبٍَخ. س ىًثهانحًعى أٔ قهٕي ٔرشاكٍض ْزِ انًحهٕلاد 
شكجبد. أٌعب سٍزى أخزٍبس ثعط انصخٕس انكشثٍَٕخ نٍزى اَعبشٓب انًبء عذٌى الإٌَبد ٔيبء انجحش نزخعٍش رهك انً
ثٕاسطخ رهك انًشكجبد انًخهجٍخ نزحذٌذ اداء كم ٔاحذ عهً حذا فً ركٌٍٕ رهك انثقٕة انذٔدٌخ انفعبنخ. سٍزى رقٍٍى رهك 
انصخش ثعذعًهٍخ  انثقٕة ثٕاسطخ الاشعخ انًقطعٍخ, انشٍٍَ انًغُطٍسً, ٔانقٍبسبد انصٕرٍخ نهزأكذ يٍ سلايخ ٔرًبسك
ْزِ انًشكجبد انًخهجٍخ فً ركٌٍٕ ثقٕة ٔقُٕاد يثهى. سٍزى أٌعب  عطً ْزِ انذساسخ ٔصفب يفصلا لأداءسز الاَعبش.
قٍبط كثبفخ ٔنضٔخخ رهك انًشكجبد فً دسخبد حشاسح يخزهفخ َٔست يخزهفخ يٍ عُصش انكبنسٍٕو انًزاة فً 
ذٔدي عٍ غشٌق يطبثقخ انٓجٕغ انعغطً يع انحدى انزي رى حقُّ انًحهٕل. فً انُٓبٌخ, سٍزى ًَزخخ ًَٕ انثقت ان
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ل زى ٌزسُى انحصٕحداخم انصخش ثأسزعًبل انًُبرج انًزٕفشح. سٍزى أٌعب ادخبل انزعذٌلاد انلاصيخ نهًُبرج انًزٕفشح 
 يطبثقخ. عهً افعم
  ATDEHٔ APTDخهصذ انى اٌ يشكجً  انزدبسة انزً اخشٌذ عهً انًشكجبد انًخهجٍخ فًٍبٌخص انزٔثبٍَخ 
غٍش رائت فً الأسبغ انحًعٍخ أقم يٍ  ATDE. يشكت 0.2رائجٍٍ فً الأسبغ انحًعٍخ حزى دسخخ حًٕظخ 
عُذيب ٌزى رحعٍش انًشكت ثٕاسطخ يبء انجحش. لا ٌٕخذ ٔاحذ يٍ انًشكجبد انًخهجٍخ يُبست نلاسزعًبل نهزحكى  0.0
% عُذيب ٌسزخذو يبء انجحش نهخهػ. 02ٔاظبفزّ نحًط انٍٓذسٔكهٕسٌك ثزشكٍض فً إٌَبد انحذٌذ نٍزى اسزخذايّ 
أعطذ أفعم انُزبئح نهزحكى ثإٌَٔبد انحذٌذ عُذ اظبفزٓب نحًط   ATDEHٔ   APTD% يٍ يشكجً 0
يم/دقٍقخ  0.2انً  0.1أٌ أفعم يعذل حقٍ فً حذٔد %. دساسبد ردبسة الاَعبش أثجزذ 02انٍٓذسٔكهٕسٌك ثُسجخ 
نحدى الاقم ٔانضيٍ الاقم ثعٍٍ الاعزجبس. دساسبد يشَٔخ انصخش اثجزذ أٌ انًشكجبد انًخهجٍخ نٓب رأثٍش ظئٍم ثأخز ا
          انًشكجبد بنُسجخ نهصخٕس الاقم صلاثخ يٍ انًًكٍ أٌ رزأثش ثحقٍ ْزِثثبنُسجخ نهصخٕس انصهجخ َٕعب يب. أيب 
                        .
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1 CHAPTER 1 
INTRODUCTION 
1.1 Overview 
Formation damage, which occurred because of drilling, completion, and accumulation of 
fines during production are common problems that cause decline in hydrocarbon 
productivity. Thus, carbonate rocks are commonly acidized to reduce the formation 
damage near the wellbore. In this process, an acidic solution is injected into the formation 
to dissolve some of the rock creating conducting channels called wormholes. These 
wormholes play as an easy path for the hydrocarbons to the wellbore 
[1, 2]
. 
1.2 Significance of this Research 
There are lot of theoretical and experimental works have been done to understand the 
wormholing process using different treatment fluids. These experiments showed that 
various types of dissolution patterns are formed based on the combined effect of acid 
transport, reaction kinetics, rock mineralogy and rock heterogeneity. As an example, at low 
injection rates, chemical reaction dominates the other effects; so the whole rock face is 
dissolved which forms face dissolution pattern. In contrast, the process is convection 
dominated at high injection rates where acid reaches nearly all parts of the rock, which 
forms a uniform dissolution pattern. In between of these two extremes, conical, wormhole 
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and ramified dissolutions are formed. Figure 1.1 shows the different types of dissolution 
patterns. 
 
Figure 1.1: Dissolution Pattern 
Hydrochloric acid (HCl) is one of the early acids used in carbonate reservoirs acidizing to 
remove the near wellbore damage.  This acid is strong acid that destabilizes the micelles 
causing precipitations of sludge, which were found a strong function of acid concentration. 
Also ferric hydroxide precipitation due to steel corrosion was found to be another problem 
of HCl acid. Formation of these sludges may result on partial or total plugging of formation 
pores which is difficult to be removed 
[3]
. Many additives should be added in order to 
eliminate asphaltic sludge precipitations such as corrosion inhibitors, anti-sludge agents 
and iron control agents. 
The major challenges associated with the conventional strong acidic solutions are the 
corrosive behavior of well tubulars and increase of the reaction rate at high temperature. 
Addition to that, due to the heterogeneity of some formations, the injected acid will flow 
into  the areas of highly permeable zones which leads to an increase in flow and reaction in 
that area bypassing the low permeable zones. This action will lead to insufficient 
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stimulation of the damaged intervals. Also the optimum injection rate is one of the issues 
for HCl acid stimulation especially in shallow formations that have low fracture pressure. 
1.3 Statement of the Problem 
Different acidic solutions have been proposed to reduce the problems associated with 
strong acids. Acid systems based on weak acids, such as formic, acetic, and carboxylic 
acids have lower hydrogen ions concentration than that of HCl and will have a slower 
reaction with calcium carbonate 
[4]
. The retarded acids were also used to reduce HCl 
diffusion to the rock surface. An example of these systems is HCl emulsified in oil phase, 
which reduces diffusion of HCl to the surface of carbonate, and hence allows deep 
penetration of acid. 
Current studies proposed the use of different chelating agents as alternative stimulation 
fluids in cases where HCl cannot be used. Chelating agents like ethylenediaminetriacetic 
acid (EDTA), hydroxylethylenediaminetriacetic acid (HEDTA), and L-glutamineacid -, 
and N-diacetic acid (GLDA) have been recently investigated to stimulate carbonate rocks. 
These chelating agents have many benefits such as low reaction rate as well as low 
corrosion. 
Matrix treatments of carbonate reservoirs are frequently conducted to remove near 
wellbore damage and create channels that can improve the productivity of the well. Many 
laboratory and theoretical researches were done in carbonate rocks to predict the 
optimum injection rate to maximize stimulation benefits. EDTA and HEDTA chelating 
agent's solubility and stability with sea water were not deeply investigated. Also their 
viscosity as function of calcium amount at different temperatures was not studied. 
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Furthermore, the effect of stimulation with these chelates on the area around the wellbore 
was not examined. 
1.4 Thesis Objective 
Objectives of this research are as follow: 
1. Identify the compatible pH and optimum concentration for EDTA, HEDTA, and 
DTPA chelating agents using deionized water and sea water. 
2. Measure density and viscosity of chelates as function of temperature and calcium 
ions in the solution. 
3. Perform matrix stimulation treatments using different chelating agent 
formulations at different conditions and solution concentrations. 
4. Identify the effectiveness of using deionized water and sea water-based solutions 
on creation and propagation of wormholes in carbonate rocks. 
5. Examine the effect of rock integrity alterations around the wormholes after 
stimulation on the overall integrity of the rock. 
6. Test the applicability of the existing wormhole propagation models on simulating 
the results of the current work. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Acid Stimulation with HCl and HCl-based Fluids 
Well stimulation using acid solutions is a common practice to reduce the skin damage 
and remove the formation damage near the wellbore. Normally acid dissolves part of the 
rock and creates small channels called wormholes. These channels play as a pathway to 
facilitate the flow of hydrocarbons to the wellbore 
[1]
.  The ability to achieve increase in 
hydrocarbon productivity is strongly dependent on the radial distance from wellbore to 
which stimulation fluid reaches. Due to the fact that acids create a dominants channels or 
wormholes , stimulation effectiveness is controlled by the extent to which these 
wormholes propagate deep into the formation 
[5]
. HCl acid reaction with carbonate rocks 
is governed by the following equations: 
           
                                                                                (2.1) 
where calcium ions and carbon dioxide gas will be dissolved in the solution. 
Studies showed that there is close dependency of the productivity increase with the radius 
of stimulated area of the formation. For example, for formations not affected by near-
wellbore damage but need to increase its productivity, stimulation must reach  a distance 
of order 10 ft from the wellbore to achieve 100% productivity 
[6]
. This gives a light on the 
fact that enough amount of live acid must penetrate to that distance to make a change in 
the permeability. In formations affected by damages near the wellbore, that distance is 
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smaller. Even though, it was recognized that formation damage radius greater than 1 to 3 
ft from the wellbore in carbonate formations is generally cannot be removed by HCl acid 
treatment. This is simply due to the fact that HCl acid is completely consumed before 
significant penetration is achieved where dissolution rate is rapid. 
Experimental studies showed that the various types of dissolution patterns formed based 
on combined effects of acid propagation, reaction kinetics, and rock heterogeneity 
[1]
. For 
example, face dissolution pattern formed when injection rate is low where acid reaction 
with formation dominates the other effects. In contrast, at high injection rate, the process 
is convection dominated that allows the acid to reach nearly all parts of the rock, which 
forms a uniform dissolution pattern. In between of these two extremes, conical, 
wormhole and ramified dissolution are formed.  Taylor and Nasr-El-Din in 2007 did 
experiments on rotating disk to determine the reaction of calcite rocks and HCl acid to 
determine the reaction rate of HCl acid with calcite rocks 
[7]
. He found that the rate-
determining step is the slowest step. Based on that, the reaction will be mass transfer 
limited when diffusion of the products from and to the rock surface is the slowest step, 
and surface reaction when the slowest step is surface reaction limited. Also they found 
that rock minerals have significant effect on acid stimulation especially clay content 
which can significantly reduce the reaction rate even if the clay concentration is as low as 
1 wt.%. Qiu at al. in 2013 and 2014 did studies on the effect of diffusion coefficients of 
HCl acid when reacted with calcite rocks using rotating disk apparatus as well as core 
flooding system 
[8, 9]
. They found that the produced CO2 impacted the diffusion 
coefficient which found to be much lower at high back pressure than that at low back 
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pressure at the same concentration. They used these new data for developing a 3D 
wormholing model to predict wormhole morphology and penetration speed. 
Stimulation with HCl acid encounters many problems as discussed by many researchers 
[10-12]
. HCl is very corrosive towards well tubulars and any intervention steel tools such as 
coiled tubing. Due to the fact that few types of tubulars are made of Cr-13, Cr2 O3 will act 
as a thin layer coating the walls of the tubulars as a protective layer. At high temperature 
reservoirs, acid treatments involved CR-based tubulars are real challenge, so additives 
such as corrosion inhibitors and corrosion inhibitor intensifiers are required to minimize 
these problems 
[13]
. Another issue for the strong acids is that formation become brittle 
upon contact with acids and produces large amounts of fine particles which can cause 
severe damage rather than improving the well performance 
[14]
. 
Many researchers studied mixing HCl acid with other fluids to overcome some of the 
disadvantages of using HCl alone. Nasr-El-din et al. studied HCl/Formic acid formulation 
to stimulate deep gas wells in Khuff carbonate formations, Saudi Arabia 
[15]
. They 
conducted lab tests to determine the best HCl/formic acid formulation. A gelled 15 wt.% 
HCl/9 wt.% Formic acids system was found to be the good formulation in acid fracturing 
of deep vertical sour gas wells. Field tests resulted in increasing of production by a factor 
of 2.2 with no operational problems while mixing or injecting the acid. 
He and his research group investigated the formation damage occurred when mixing HCl 
acid with seawater especially in the offshore where fresh water is logistically difficult to 
be secured for stimulation operations 
[16]
. They concluded that calcium sulphate remains 
in the core sample when it saturated with seawater, when either HCl is prepared from 
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seawater or deionized water. But they found that injection with high rates overcome the 
effect of precipitation due to creation of the wormhole. 
The above mentioned problems demonstrated the need of alternative fluids which can 
combine stimulation ability at low stimulation rates with fluids that are not conductive to 
asphaltic sludge precipitations or corrosion problems. On top of that, these stimulation 
fluids need to be environmentally friendly and the flow back fluids can easily be disposed 
later. 
2.2 Organic Acid-Based Solutions 
Organic acids such as acetic, citric, formic & lactic acids have been historically used in 
oil industry as iron-control agents. They are commonly used to prevent iron precipitations 
in the spent HCl acid and prevent precipitation of ferric hydroxide and iron sulphide 
[6, 17-
20]
. During the treatment of the oil and gas wells with mineral acids like HCl, there is high 
potential of precipitations such as asphaltene sludges. But with the weak reaction of 
organic acid-based solutions, the amount of these precipitates can be reduced 
significantly 
[21]
. That is why lot of studies have been done to determine the benefits that 
can be achieved by using organic acid as a stimulation solution.  
Investigation done by Metcalf & Parker in 2005 on acetic acids concluded that at pH 
ranges between 2.3 to 2.9, dissolution was limited by mass transfer. However, the 
dissolution rate was lower than the expected 
[21]
. Also it was found that at pH greater than 
3.7, the major effect on the dissolution was the surface reaction rate.  In their experiments 
on calcite formations, they concluded that reducing the injection rate of the acetic acid 
from 20 to 5 ml/mins enhanced the dilution of the carbonate rocks. 
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T. Huang et al. in 2000 investigated the efficiency of using acetic acid in wormholing 
core samples from Indiana Limestone cores have 1” size and 6” length at room 
temperature 
[22]
. These cores have average porosities of 0.16 and permeabilities of 4.8 to 
14.5 md. The selected acetic acid concentration was 1.96 N (11.6%) that has pH of 2 and 
a volumetric dissolving power of 0.036. Their experiments concluded that the optimum 
injection rate is lower than that of experiments reported by Wang et al. in 1993 with HCl 
at similar treatment conditions. Also they observed that larger amount of wormholes were 
created at the optimal flux when compared to HCl. From their experiments they 
calculated the minimum radius of the wormholes that is sufficient to give a zero skin is 
estimated to 0.1 mm. But based on their experiments, they preferred to use HCl at low 
temperature due to its reasonable reaction rate. 
 Nasr-El-Din et al. studied in their work the use of a chloride-free acids such as acetic and 
emulsified acetic acid, and later they tested the effectiveness of acetic acid in stimulating 
carbonate formation of Shu'aiba in Saudi Arabia 
[23]
. Rock tests of this formation 
indicated that it is mechanically weak, and it can become brittle when contacted by acids, 
and produces large amount of solids that can cause severe damage. Their lab tests 
concluded that acetic acid reaction rate with rocks can be reduced by emulsifying the acid 
in diesel. Also they concluded that both regular and emulsified acetic acids formed 
narrow and deep wormholes inside core, and hence they resulted in significant increase in 
the rock permeability. In contrast, field results with emulsified acetic acid were below 
expectations, mainly because of the weak nature of the formation and production of 
solids. Regular acetic acid removed the damage in all the treated wells with significant 
increase in oil production. The field tests showed that acetic acid did not completely 
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spend in the formations that have temperature of 180
o 
F. Their study concluded that the 
well productivity was a strong function of the lithofacies distribution of the formation 
(chalk versus packstone).   
Citric and formic acids were introduced as stimulation fluids as an alternative to strong 
acids to be used in high temperature reservoirs. These acids can also be used in an 
encapsulated form, which prevents their reaction with bore-hole tubular and formations 
up to 180
o 
F 
[7]
. The important findings of the lab tests is that the reaction of citric and 
formic acids with calcite rocks form calcium citrate and calcium formate precipitations 
that have a significant effect on the effective diffusion coefficient of citric acid especially 
at high concentrations 
[24, 25]
.  Rabie et al. (2011) studied the different reaction regimes of 
lactic acid in order to understand the reaction kinetics of lactic acid with calcite rocks. 
They found that at low temperatures, the reaction kinetics was mainly controlled by the 
kinetics of the surface reaction, whereas, at high temperatures both the mass transfer and 
the surface reaction influenced the dissolution rate of calcite 
[26]
. 
Due to the difference in reaction with calcite between organic acids and HCl, models 
developed for HCl/calcite need to be modified for organic acids. Buijse et al. (2004) 
presented a new model that can be used for strong and weak acids by introducing a new 
element of dissociation constant that describes the difference between strong and weak 
acids. He found that low reactivity of organic acids resulted in deeper penetration; which 
explained the increase in the etched observed in acid fracturing treatments with organic 
acids 
[19]
.  
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2.3 Chelating Agent Solutions 
Due to the fact that the success of matrix acidizing treatments with HCl acid is limited 
because of rapid acid spending and low injection rates, researchers have investigated 
other alternative solutions that combine stimulation ability at low injection rate with 
fluids that are not conductive to asphaltic sludge precipitation or corrosion.  Previously, 
chelating agents were used to remove formation damages caused by drilling and 
completion fluids, and also scales such as barium sulphate, barium carbonate, calcium 
carbonate, etc. from the well tubular and also from the surface facility equipment 
[27-31]
. 
2.3.1 Evolution of Using Chelating Agents in Well Stimulation 
Fredd and Fogler in 1996 were the first researchers who investigated the use of chelating 
agents as stimulation solutions. They investigated the rate of calcite dissolution at 
different pH values for different types of chelating agents 
[32]
. They introduced 
ethylenediaminetetraacetic acid (EDTA) as an alternative fluid which is capable of 
stimulating calcite formations 
[12]
. EDTA stimulates by means of sequestering the metal 
components of the calcite rocks. The dissolution mechanism is different from HCl acid in 
which hydrogen ions are not required. EDTA can make stable chelates with metals such 
as calcium 
[12, 33]
.Figure 2.1 shows the structure of EDTA, which can be represented by 
H4Y. Aminopolycarboxylic acids undergo a loss of protons in steps to reach the fully 
ionized form as shown by equations below: 
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Figure 2.1: Chemical Structure of EDTA 
 
H4 Y ↔ H3 Y
-1 
+ H
+
                                                                                                        (2.2) 
H3 Y ↔ H2 Y
-2 
+ H
+
                                                                                                        (2.3) 
H3Y↔ H1 Y
-3
 + H
+
                                                                                                         (2.4) 
H4Y↔ Y
-4
 + H
+
                                                                                                              (2.5) 
Fredd and Fogler tested core samples from Indiana limestone and Texas cream chalk in a 
linear coreflood system. Their laboratory tests were done at room temperature using 
0.25M EDTA, and HCl and NaOH were used to adjust the fluid pH. They concluded that 
EDTA was effective in creating channels in limestone at pH 4-13. They reported also that 
when increasing injection rate, the number of channels increases. Furthermore, they 
reported that EDTA is able to create wormholes at low injection rate. Also they observed 
that trace amounts of sludges to precipitate when oil contacted by EDTA of 6.0 pH due to 
the ability of EDTA to chelate irons at moderate acidity. They also found that there is no 
need for corrosion inhibitors for alkaline fluids of EDTA up to 204
o 
C, and reducing 
agents are not necessary because EDTA can chelates ferric and ferrous irons a; which can 
eliminate the need for complex and costly acid additives.  
Fredd and Fogler in 1997 extended their works to include other chelating agents of the 
Aminopolycarboxylic acid group, mainly 1,2-cyclohexanediaminetetraacetic acid 
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(CDTA) and diethylenetriaminepentaacetic acid (DTPA)
[14]
. Figure 2.2 shows the 
chemical structure of CDTA and DTPA. Experiments were performed at room conditions 
using 0.25M of CDTA, DTPA, EDTA, and 0.5M of HCl acid for comparison. They 
concluded that CDTA and DTPA have stimulated more efficiently than HCl when 
injected at low rates. They also observed that the amount of channel branches increase as 
injection rate increase. Their preliminary rotating disk experiments revealed that the 
dissolution of calcite by chelating agents is not fully mass transfer limited at 22
o 
C.  Also 
they derived an optimum Damköhler number (which will be discussed later) for all the 
chelating agents investigated, which is approximately 0.29. 
 
Figure 2.2: Chemical structure of CDTA and DTPA 
Frenier et al. in 2001 tested the Hydroxyaminocarboxylic acid (HACA) as stimulation 
fluid in treating carbonate rocks 
[11]
. They studied hydroxyethylenediaminetriacetic acid 
(HEDTA) and hydroxyethyliminodiacetic acid (HEIDA) at 150
o
F. The most significant 
attribute of these chemicals is the high solubility of the free acids in aqueous solutions. In 
addition to that, HEIDA is very degradable. Frenier and his group did a core flood 
experiments in Indiana Limestone rocks. They found that chelating agent formulations 
based on HACA acids (especially HEDTA) can be formulated into efficient solvents for 
treating limestone cores, over a wide range of pH values. They observed that dominant 
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wormholes were formed at temperatures as high as 250
o
F. Also by using the optimum 
Damköhler number proposed by Fredd which is 0.29 
[34]
, their predictions of optimum 
flow rate were close to the observed values of their experiments. The formulated low pH 
solvents (which include Na3HEDTA and Na4HEDTA) appear to be very efficient matrix 
solutions at high temperatures, and can be inhibited with small amounts of special 
formulations to produce very low corrosion rates, even at high temperatures. 
Husen et al.in 2002 used (EDTA & HEDTA) chelating agent formulations to simulate 
carbonate and sandstone rocks at high temperature conditions to evaluate the usefulness 
of these chelates 
[35]
. They found that the reaction rate can be adjusted based on 
temperature to insure creation of effective wormhole. They reported very low corrosion 
rates of steel materials; which required less or no corrosion inhibitors. Figure 2.3 shows 
the chemical structure of the HACA chelating agents 
 
Figure 2.3: Chemical structure of HACA chelating agents 
LePage et al. in 2009 studied an environmentally friendly stimulation fluid to be used in 
high temperature reservoirs 
[36]
. The polyacidic chelate L-glutamic acid, N,N-diacetic 
acid (GLDA) which is manufactured from L-glutamic acid can dissolve carbonate rocks 
very effectively, and at the same time has less corrosivity towards the equipment and 
easy to handle. From an environmental point of view, GLDA is biodegradable and is 
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made of renewable raw materials - monosodium glutamate, which is less toxic and 
aquatic toxicity characteristics. Figure 2.4 shows the chemical structure of the GLDA 
chelating agent. 
 
Figure 2.4: Chemical structure of GLDA 
LePage et al. conducted a chemical experiments on GLDA as well as EDTA, HEDTA, 
HEIDA, nirtilotriacetic , Acetic, formic and HCL acids for comparison. Their 
experiments concluded that GLDA offers high solubility over a wide range of pH and 
aqueous solutions up to 40%.  They found also that the mono sodium salt (pH 3) or free 
acid (pH 1.5) GLDA offers significant dissolving capacity for calcite. They observed that 
GLDA is readily biodegradable as compared to other chelating agents. 
Mahmoud et al. in 2010 and 2011 conducted comprehensive studies on GLDA chelating 
agents to define the optimum injection rate for carbonate treatments 
[4, 33, 37-39]
. Indiana 
limestone and desert pink limestone cores were used in their experiments. Experiments 
were done at temperatures of 180
o
, 250
o
 and 300
o
F. They used GLDA solutions of 
different pH values (1.7, 3, and 3.8); and de-ionized water was used in preparing the 
solution to 20% by weight, which was found to be the best concentration of GLDA. Core 
flooding system was designed to stimulate single and parallel cores. They concluded that 
GLDA was able to stimulate both parallel and single cores without using diverting agents 
for permeability up to 6.25 md and temperature up to 200
o
F. They observed that there 
was an optimum rate for GLDA to create wormholes at different pH values; and this rate 
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did not affect by increasing temperature after 180
o
F. They observed also that increasing 
the core length decreases the optimum injection rate at the same conditions, but found 
that it was not a strong function of core length. They found that adding 5% of NaCl to 
GLDA enhanced its performance during the experiment as less volume of GLDA was 
required to create a wormhole. They also concluded that as compared to HEDTA and 
HCL, GLDA performed better at high temperatures, especially at low injection rates as it 
did not cause face dissolution. Their experiments observed that GLDA was effectively 
created wormholes in dolomite cores as it chelated both calcium and magnesium. 
2.3.2 Effect of Rock Lithology on Stimulation using Chelating Agents  
Mahmoud et al. in 2011 did core flood experiments on Limestone and Dolomite rocks to 
evaluate the effect of lithology of rocks on the GLDA stimulation process 
[40]
. They 
found a direct relation between the reaction of GLDA and rock lithology as GLDA reacts 
faster with pure calcite rocks than that have less calcite impurity. Parkinson et al. in 2010 
reported a stimulation campaign for carbonate-sandstone formations at different 
percentages 
[41]
. They did core flooding stimulation experiments with HEDTA chelating 
agent. Core samples with low and medium percentages of carbonate showed 
improvement in permeabilities, whereas cores with high carbonate percentages showed 
evidence of wormholing. Field results confirmed the ability of chelating agents in 
stimulating such formation types with less corrosion effect. All wells stimulated with 
chelant based fluids maintained a long-term production results.   
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2.3.3 Thermal Stability of Chelating Agents 
 Many researchers examined the stability of chelating agents used in well stimulation at 
different conditions of temperature 
[33-38]
. Their main objective is to assess the effect of 
thermal decomposition products on the permeability of carbonate and sandstone rocks. 
Khatere et al. in 2012 studied the thermal effect on the stability of GLDA, NTA, 
HEDTA, and EDTA 
[42]
.  They concluded that thermal stability is a concern at 
temperatures greater than 350
o 
F for most of the chelating agents. They found also the 
decomposition products of the heated chelates are also chelates, which can create damage 
to the rock due to precipitations. But the overall stimulation process can overcome this 
damage formed by these precipitations.  
2.3.4 Optimum Conditions for Chelating Agent’s Injection  
Many researches and experiments were done to find the optimum conditions for injecting 
stimulating fluids for better stimulation results. They found these conditions are function 
of the rock composition, temperature as well as the pore size. Wang et al. in 1993 found 
that optimum injection rate varies with rock mineralogy, acid concentration and reaction 
temperature, but rock mineralogy plays the largest effect on the optimum injection rate 
[43]
. Fredd and Fogler in 1999 extended their researches on the optimum condition by 
investigating low and medium reaction rate acids as well as strong acids 
[34]
. They 
reported that the volumes of stimulation fluid to breakthrough and wormhole structures 
are influenced by the degree of transport/reaction limitations. They also found that there 
exist an optimum DamkÖler number at which the minimum number of pore volume 
required to create an effective wormhole; this number was found to be 0.29 for most of 
the fluids investigated in their studies as shown in figure 2.5. Mahmoud et al. in 2010 did 
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extensive studies on an environmentally friendly GLDA chelating agent at different 
conditions 
[4]
. They confirmed the existence of an optimum injection rate for GLDA at 
different pH values; which didn’t affect by temperature above 180oF to 300oF. They also 
concluded that creating wormholes are weakly dependent on DamkÖler number. 
 
 
 
Figure 2.5: Dependency of pore volume at breakthrough to the Damköhler number for different fluids 
[33] 
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2.4 Effect of Chelating Agents on the Rock’s Mechanical Properties 
Rock mechanical properties measurements have become one of the important analysis 
part in the oil industry for better understanding  of rock alterations after well stimulation 
and EOR operations 
[44]
. Creation of wormholes using stimulation fluids can make 
changes in the chemical compositions as well as the mechanical properties of the area 
near the wall of the wormhole. Also stimulation fluids diffusion can further make more 
changes for the whole area that flushed by these fluids. These changes will be permanent, 
and at later stages can be areas for well bore failure. That is why the effect of injecting 
stimulation fluid into the rocks should be examined. 
Rock mechanics can be measured using destructive and non-destructive methods. For 
destructive method, the rock sample will be exposed to stresses. Non-destructive method 
is done by sending sonic waves through the rock sample, and then elastic properties of 
the rock can be estimated from the values of sonic velocities. Two types of wave 
velocities are normally used in elastic properties calculations. Compressional or plastic 
wave is a wave in which the displacement of the medium is in the same direction as the 
direction of the travel of the wave. Shear or transverse wave is a wave in which the 
motion is perpendicular to the direction of wave propagation through the medium. Non-
destructive method is the only option in case the same sample needs to be investigated 
many times, because it will not cause any damage to the sample.  
Basic rock mechanical properties have to be determined or estimated using of the above 
mentioned methods. These properties include compressive and tensile strength, elastic 
properties such as Young’s modulus, shear modulus, bulk modulus and Poisson’s ratio 
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[45]
. Rock Young’s modulus is the stress needed to compress the solid to shorten in a unit 
strain, and can be estimated by knowing the elastic waves using the following equation: 
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 )                                                                              (2.6) 
Poisson ratio is the measure of the relativity of the expansion in the lateral directions and 
compression in the direction which the uni-axial compression applies, and is calculated 
from elastic waves using the following relation: 
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Shear modulus describes how difficult it is to deform a cube of the material under applied 
shearing force, and it is related to Young’s modulus and Poisson ratio by the following 
equation: 
  
 
      
                             (2.8) 
The bulk modulus describes the ratio of the pressure applied to the cube to the amount of 
volume change that the cube undergoes; and is also related to the Young’s modulus and 
Poisson ratio with the following equation: 
  
 
       
              (2.9) 
where: 
E = Young’s modulus. 
  = Rock density. 
vp = Rock compressional or plastic wave velocity. 
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Vs = Rock transverse or shear wave velocity. 
  = Rock Poisson ratio. 
  = Rock shear modulus. 
k = Rock bulk modulus. 
Many studies have been done to establish the relation between the carbonate rock 
properties such as permeability, porosity, density, etc. and elastic properties. Results 
stated that it is not easy to find a straight forward relation. For instance, it is found that 
rocks with a vp of 4100 m/s can have porosities anywhere between 0.12 and 0.43 
[41]
. 
Similar observation was found for the other properties, which make the prediction of 
mechanical properties based on rock properties difficult. Another research team stated 
that not only the porosity will affect the acoustic velocities in rock, but also the way these 
pores were formed an/or whether they were primary or secondary porosities 
[46]
. Nguyen 
and his group did experiments to evaluate the effect of acid gas injection on carbonate 
rock's geomechanical properties alterations using the destructive method 
[47]
. Their results 
showed a weakening of both the elastic properties and the strength of their samples due to 
the chemical alteration. To the best knowledge of the authors, there are no studies done to 
evaluate the changes on the rock elastic properties as the stimulation fluid is injected. 
2.5 Modeling of Matrix Stimulation Treatments 
Because the acid injection rate plays an important role in wormhole formation, several 
experiments and studies have been conducted to determine the influence of various 
factors such as temperature, acid concentration, reaction rate, acid diffusion coefficient, 
length of the core, etc. on the optimum injection rate and the minimum number of pore 
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volumes required for the breakthrough 
[16, 48]
. Traditionally, most of the matrix acidizing 
models have under-predicted acid stimulation performance due to under-prediction of 
wormhole penetration and corresponding completion skin factors in vertical wells 
[39]
. 
Gong and El-Rabaa in 1999 developed a semi-analytical model to predict the wormhole 
length and the critical injection rate including all the three acidizing dynamics 
[49]
. Huang 
et al. in 1999 developed a numerical model to predict the wormhole population density 
using the pressure field around the wormhole 
[50]
. They combined the above model with 
the wormhole propagation model developed by Hung et al. in 1989 
[51]  
to determine the 
volume of acid for a certain distance away from the wellbore. They found that for 15% 
HCl acid, the model predicted about 12 wormholes/ft. Mohan et al. in 2004 developed a 
numerical averaged model to describe acid stimulation of calcite rocks 
[52]
. Their 2-D 
model predictions were quantitatively in good agreement with the experiment data, and 
captured different dissolution regimes.  
Buijse and Glabergen in 2005 developed an empirical wormhole growth model 
[52]
.According to their model; the wormhole growth rate can be approximated by: 
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where vi.opt is the optimum interstitial velocity, cm/min, Qopt is the optimum injection rate, 
cm
3
/min, A is the cross sectional area, cm
2
,  is the porosity, vi is the interstitial velocity, 
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cm/min, Q is the injection rate, cm
3
/min, dcore is the core diameter, cm, and PVbt is the 
pore volume to breakthrough. 
All the current models are based on different parameters and dimensionless numbers such 
as Peclet and Damköhler numbers. Peclet number (Npe), which is generally defined as the 
ratio of convective to diffusive flux and can be determined using the equation below 
[7]
: 
             
   √ 
        
                                                                                  (2.13) 
where, q is the injection rate, gal/min, rw is the wellbore radius, ft, L is the thickness of 
the stimulated formation, ft,  is the formation porosity, De is the acid diffusivity, cm
2
/s. 
The Damköhler number is the ratio of acid reaction rate at the pore wall to the rate of 
convective acid transport and can be determined using eq. 2.14 
[36]
: 
    
        
 
                                                                                                           (2.14) 
where, dwh is the diameter of the wormhole, cm, Lwh is the length of the wormhole, cm,  
is the overall dissolution rate constant, cm/s, Q is the injection rate, cm
3
/s. Damköhler 
number can be used to determine the optimum conditions of wormhole creation in 
carbonate acidizing. The overall dissolution rate constant,  for different fluids (EDTA, 
DTPA, acetic acid, etc.) can be determined using Eq. 2.15 
[34]
: 
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Where kcR and kcP are the mass-transfer coefficients for reactants and products, 
respectively, ks is the surface reaction rate constant, v is the stoichiometric ratio of 
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products to reactants, and Keq is the reaction-equilibrium constant. The mass transfer 
coefficients for reactants and products can be determined from Levich’s solution for 
laminar injection in a tube as follows 
[4]
: 
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                                                                                               (2.16)                                                                                                                   
where De,i are the effective diffusion coefficients for reactants and products. 
The gravimetric dissolving power (β) of any chelating agent can be determined using the 
following equation: 
  
                
                    
                     (2.17) 
where        and       are the molecular weight and the stoichiometric coefficient of 
calcium carbonate, and           and          are the molecular weight and 
stoichiometric coefficient of the chelating agent, respectively. 
Mahmoud and Nasr El-Din in 2012 showed that the optimum injection rate using 
Damköhler number of 0.29 can be determined by 
[39, 53]
: 
                                                                                                                     (2.18) 
where; Lwh is the wormhole length, cm and De is the diffusion coefficient of the 
stimulation fluid, cm
2
/sec.  This equation depends only on the wormhole length and the 
diffusion coefficient; therefore, it can be used for chelating agents and acids. The 
optimum flux can be determined using the optimum injection rate and flow area of the 
core as follows 
[39]
: 
     
         
      
                                                                                                                                    (2.19)        
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They concluded that equation (2.19) gave a good prediction to the optimum injection rate 
with maximum error of 14% from the measured optimum injection rate when they used 
0.25M DTPA chelating agent at pH 4.3 
[39]
. Their model can be used as a pre-designed 
tool for matrix acid treatment before the stimulation job, and then validation can be 
performed after lab experiments using core flood tests to determine the optimum injection 
rate. 
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CHAPTER 3 
METHODOLOGY AND EXPERIMENTAL PROCEDURES 
3.1 Chelating Agents Preparation and Screening 
3.1.1 pH Solubility Screening 
A pH meter instrument was used to measure the pH of the solutions to check their 
solubility in deionized water and sea water. Different chelating solutions with different 
concentrations were prepared by deionized water and sea water. A compatible pH value 
was identified for each chelating agent based on its solubility. A pH meter is shown in 
figure 3.1. Procedures were as follows: 
1. Raw chelating agent was diluted by deionized water and sea water to prepare 
solutions at different concentrations.  
2.  For each concentration, different solutions at different pH value were prepared. 
pH range of each concentration was identified. 
3.1.2 Density and Viscosity Measurements 
Density and viscosity of chelating agents were measured at different temperatures, 
chelants concentrations and calcium concentrations using density hydrometers from 
Fischer instrument’s company and capillary tube viscometer from Koehler instrument 
company. Figures 3.2 and 3.3 show the liquid density hydrometer and capillary tube 
viscometer, respectively.  
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Figure 3.1: pH meter instrument 
 
Figure 3.2: Liquid density hydrometers 
 
Figure 3.3: Capillary tube viscometer 
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Measurement procedures were as follows: 
1- For any specified chelating agent, the density and viscosity of the solution were 
measured at different temperatures. 
2- Specified concentration of calcium ions were dissolved in the chelating agent, 
then the density and viscosity were measured at different temperatures. 
3- A plot of density and viscosity were plotted versus temperature for each solution. 
3.1.3 Interfacial Tension Measurements 
Interfacial tension between oil and chelating agent was measured using optical 
tensiometer from Biolin Scientific Company. Three crudes that have API gravities of 
31.18
o
, 35.6
o
 and 40
o
 were used. Oil droplet was kept in tension with chelating agent for 
at least 15 minutes to let the reading stabilize. EDTA, HEDTA and GLDA chelating 
agents were prepared at different concentrations using deionized water for interfacial 
tension measurements. Figure 3.4 shows the optical tensiometer that was used in this test. 
3.2 Core Samples Preparation 
 A standard carbonate rocks such as Indiana limestone, Austin chalk and pink Desert 
were used during this research. These rocks have variety of porosity and permeability 
values. Core sample dimensions were 1.5" in diameter and 2.0 - 6.0" in length. 
Procedures for core sample preparation were as follows: 
1- The core sample was dried first to remove the moisture, and then the weight of the 
dry core was measured. 
2- The core was vacuum saturated using 3% wt. KCl brine, and then the saturated 
weight was measured.  
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3- Pore volume and porosity of the core were identified. 
4- The core was CT, NMR scanned before stimulation treatments. 
5- Core liquid permeability was determined before injecting the chelates by injecting 
KCl brine at constant rate. 
3.3 Core Flooding Experiment Procedure 
A core flooding system “AFS-200” from CoreLabTM Company was used for stimulation 
experiments. The core flooding system has an oven that can heat the core sample up to 
300 
o
F. Figures 3.5 through 3.9 show the different parts of the core flooding system. The 
stimulation procedure was as follows: 
1- KCl brine and chelating solution were transferred into the specified accumulators. 
2- Core sample was inserted into the core holder, and the inlet and outlet of the core 
holder was tightened against the core sample. 
3- Core holder lines were connected to the core flooding system lines. 
4- The required temperature was set, and enough time was allowed for the core 
sample and fluids to be heated up. 
5- The required net overburden of 500 psi was applied to insure no flow between the 
core holder sleeve and the walls of the core sample. A predetermined back-
pressure of 1000 psi was also applied to the outlet of the core sample. 
6- KCl brine was injected at constant injection rate into the core sample until flow 
stabilization was reached. Liquid permeability was then estimated using the data 
of the injection rate and the corresponding pressure drop.  
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7- After flow stabilization, the chelating solution was injected at specified injection 
rate, and pressure drop was monitored with time until break-through occurred. 
Effluents were collected for chemical analysis. 
8- Stimulation fluid injection was continued until wormholes were created when 
pressure drop was almost zero. 
9- Stimulation fluid injection was stopped, and KCl brine was injected to flush the 
core sample from the stimulation fluid. 
10- KCl brine injection was stopped and oven was shut down. All the system 
pressures were released. 
11- Core sample was removed from the core holder for further evaluation studies. 
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Figure 3.4: Optical tensiometer instrument 
 
 
Figure 3.5: Controlling and data monitoring system 
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Figure 3.6: Core holder and accumulators 
 
 
Figure 3.7: Sampling collectors system 
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Figure 3.8: Transfer pump 
 
 
Figure 3.9: Layout of the core flooding software 
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3.4 Core Sample Post-Stimulation Evaluation 
To evaluate the effectiveness of the matrix stimulation with chelating gents, cores need to 
be scanned before and after the stimulation. The purpose of core scanning is to detect the 
changes happened to the pores of the core as well as any changes in the mechanical 
properties of the rock. To do that, the following scanning methods were used: 
1. Computed Tomography or CT scan was used to evaluate the diameter and extent 
of the wormhole inside the core. Figure 3.10 shows the CT scanning instrument. 
2. Nuclear Magnetic Resonance or NMR instrument was used to evaluate the 
changes in pore space of the core sample before and after stimulation. Figure 3.11 
shows the NMR instrument. 
3. Ultra-sonic velocity measurement system was to evaluate the changes in the rock 
elastic properties. Figure 3.12 shows the Ultra-sonic velocity measurements 
instrument. 
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Figure 3.10: CT scan instrument 
 
Figure 3.11: NMR Instrument 
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Figure3. 12: Ultra-sonic velocity  measurement instrument 
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CHAPTER 4 
SOLUBILITY OF CHELATING AGENTS 
4.1 Introduction 
Solubility of chelating agents at different pH values and different concentrations in de-
ionized water and sea water were not deeply investigated in the literature. That is why it 
was planned to be conducted for different types of chelating agents. Chelating agents that 
used in these tests were EDTA, HEDTA, DTPA and GLDA chelating agents. Chelating 
agent’s concentration were estimated based on weight percent, and concentration of the 
solution were changed using either deionized water or sea water. The pH of the solution 
was changed using HCl acid and in NaOH pellets. Digital weight indicator as shown in 
Figure 4.1 was used in measuring the required weight of each solution for concentration 
calculations. Magnetic stirrer as shown in Figure 4.2 was used to make sure the solution 
is homogeneous and mixed properly. 
HCl acid is frequently used in well stimulation in acid stimulation and also in acid 
fracturing operations due to its strength in dissolving calcite rocks. The main issue of HCl 
acid in well stimulation is the corrosion occurred to the tubulars and casing strings during 
the injection of the acid in the well. Thus, corrosion inhibitors should be used to decrease 
the corrosion of the tubulars. Ferric ions that dissolved from the tubulars during HCl acid 
injection can create damages to the carbonate formations when precipitated in the pores 
of the rocks. Because of that, the dissolved ferric ions need to be in solution in order to be 
removed later. Chelating agents have good ability to sequester many ions; among them is 
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the ferric ion. In this study solubility of chelating agents such as GLDA, HEDTA and 
DTPA as well as organic acids such as acetic and citric acids in HCl acid at different 
concentrations was investigated. The objective of the study is to find the soluble amount 
of each fluid separately and mixtures of fluids in a certain HCl acid concentration. Table 
4.1 summarizes the information of the chelating agents and HCl acid, acetic and citric 
acids that were used in this study. Deionized water was used to prepare the specified 
concentration of each fluid or mixture. Synthetic sea water that has chemical composition 
similar to Arabian Gulf sea water was used in specific solutions preparation. Table 4.2 
shows the chemical composition of the salt of Arabian Gulf Sea.   
Table 4.1: Chemical & physical properties of used acids and chelating agents 
Solution Chemical formula 
Concentration 
%wt. 
MW 
gm/mol 
pH 
value 
Specific 
gravity 
g/cc 
HCl acid HCl 37.0 36.46 0.00 1.19 
Acetic acid C2H4O2 99.7 60.05 2.0 1.049 
Citric acid C6H8O7 30.0 192.13 1.5 1.124 
EDTA C10H14N2Na2O8 .2H2O 37.0 372.23 7.5 1.22 
HEDTA C10H18N2O7 41.0 278.26 11.5 1.29 
GLDA C9H13NO8.4Na 38.0 351.1 11.5 1.26 
DTPA 
[(HOOCCH2)2NCH2C
H2]2 NCH2COOH 
40.0 393.35 11.5 1.33 
 
Table 4.2: Chemical composition of Arabian Gulf sea water 
Substance Concentration Concentration 
  ppm g/l 
Na HCO3 170 0.17 
Na2SO4 6,340 6.34 
NaCl 41,170 41.17 
CaCl2 1,800 1.8 
MgCl2 8,270 8.27 
Total 57,750 57.75 
39 
 
 
Figure 4.1: Weight indicator 
 
 
Figure 4.2:  Magnetic stirrer 
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4.2 Chelating Agents as Stimulation Fluids 
To investigate the solubility of each chelating agents at different pH values; different 
concentrations were prepared from the raw chelating agent. Then from the specified 
concentration many solutions were prepared representing different solution at different 
pH values. These solutions were kept in tubes for 24 hours to check the solubility of 
chelating agents. 
4.2.1 Solubility of Chelating Agents in Deionized Water 
EDTA-Na2, HEDTA-Na3, and DTPA-Na5 solutions having concentrations of 37%, 41% 
and 40%; and pH of 7.5, 11.5 and 11.5, respectively were used in this study. Three 
different solutions of each chelating agent at different concentrations were prepared using 
deionized water. Figure 4.3 shows the solubility of chelating solutions at different 
concentrations and different pH values when diluting them by deionized water. From 
Figure 4.3 it is clear that the solution pH has a big effect on EDTA solubility especially at 
higher concentrations. For instance, when EDTA concentration diluted to 20% by 
deionized water, the solution pH should be 6.5 or greater to have a soluble solution. 
Solution pH does not affect the solubility of HEDTA and DTPA chelating agents as these 
chelates were soluble at pH values as low as 2 in all concentrations up to 40% by weight. 
In fact, it was able to prepare solutions from these chelates that have 15% of chelates and 
15% HCl acid without any precipitations, and those solutions have pH similar to that of 
concentrated HCl acid. 
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4.2.2 Solubility of Chelating Agents in Sea Water 
Same chelating agents that were EDTA-Na2, HEDTA-Na3, and DTPA-Na5 having 
concentration of 37%, 41% and 40%; and pH of 7.5, 11.5 and 11.5, respectively were 
used in this study. Three different solutions of each chelating agent at different 
concentrations were prepared using sea water. Figure 4.4 shows the solubility of 
chelating solutions at different concentrations and different pH values when diluting them 
by deionized water. From the figure it is clear that solution pH has no effect on the 
solubility of HEDTA and DTPA chelating agents as they were soluble for all the 
prepared concentration at pH value as low as 2. EDTA solubility was affected much 
when sea water was used instead of deionized water. It was not possible to have a soluble 
solution of EDTA if solution pH is less than 5.4. For EDTA concentrations higher than 
20% wt. solution pH must be greater than 7.0 to have soluble solution. 
The study also concluded that all the examined chelating agents were soluble in high pH 
environment with no limitations. All of these chelates were examined pH up to 13 with 
no precipitations for both cases of deionized water and sea water. From this study, it was 
clear that only EDTA is not soluble in pH environment as low as 3.0 when prepared by 
DI-water; and for the case of preparing the solution by sea water, EDTA was soluble only 
at pH greater than 5.4. So the effect of using sea in preparation was decreasing EDTA 
solubility especially at high EDTA concentration that forced to change the solution 
environment from acidic to alkaline environment. Figure 4.5 shows the solubility 
comparison between the EDTA solutions prepared by deionized water and that prepared 
by sea water. 
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Figure 4.3: Effect of pH on chelating agent’s solubility at temperature of 72oF and atmospheric pressure, DI 
water was used in preparation 
 
Figure 4.4: Effect of pH on chelating agent’s solubility at temperature of 72oF and atmospheric pressure, sea 
water was used in preparation 
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Figure 4.5: EDTA solubility comparison for DI water and sea water at temperature of 72
o
F and atmospheric 
pressure 
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4.3 Chelating Agents as an Iron Control Agent 
Due to the fact that iron control problems are frequently encountered while stimulating 
carbonate formations using strong acids and even weak acids, it is very important to 
develop an stimulation fluid in such a way that can reduce the damage created by the 
precipitation of iron compounds 
[54]
. Usually stimulation fluids contain dissolved and 
entrained oxygen because of the blending. The oxygen in the stimulation fluid 
immediately oxides the ferrous iron Fe2 to ferric iron Fe3. Ferrous iron will remain in the 
solution for pH as high as 7.5, but the ferric iron will precipitate at a pH as low as 2.5 and 
completely precipitates at pH of 3.5 
[55]
. A new laboratory studies done by Taylor et al. in 
1998 concluded that ferric compounds can start to precipitate at pH just above 1.0 
[56]
.  
Many laboratory studies recommended that it is very important to reduce the amount of 
ferric compounds in the stimulation fluids before entering the formation to eliminate 
precipitation of ferric salts especially at high temperature environments. They concluded 
also that chelating agents such as EDTA, NTA, Iminodiacetic acid (ICA) and DTPA 
were very effective in stabilizing ferric ions in solution and also reduced the corrosion 
rate of the tubulars 
[57-60]
. On the other hand, organic acids such as acetic and citric acids 
were found to be an effective iron control agents. Citric acid was found not effective as 
an iron control agent at temperatures higher than 200
o
F 
[56, 61]
. 
From the above, it was found that chelating agents as well as citric and acetic acids were 
one of the most effective iron control agents to be added to the HCl acid during 
stimulation operations. In this study, a solubility screening was done to find out the 
solubility of HEDTA, GLDA, DTPA, acetic and citric acids in HCl acid at different 
concentrations. 
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4.3.1 Solubility of Chelating Agents, Acetic, and Citric Acids in HCl Acid 
Solubility of HEDTA, GLDA and DTPA chelating agents as well as acetic and citric 
acids of different concentrations were examined at HCl acid concentrations of 28%, 20% 
and 15%. Deionized water and sea water were used to prepare the solutions. Each 
prepared solution was kept for 48 hours in room condition. Figure 4.6 shows the results 
of solubility tests done for the above chelating agents and organic acids when diluted by 
deionized water. For HCl acid concentration less than 20% by weight, all the tested 
chelating agents were soluble at chelant concentration of 5%. Chelants concentration can 
be increased as the HCl acid concentration decreased to reach up to15%. DTPA showed 
better solubility when compared to the other chelants especially at HCl acid 
concentrations of 20% which HEDTA and GLDA were only soluble at concentrations of 
5% and less, whereas DTPA was soluble at concentration of 7.5%. All the tested chelants 
were not soluble at HCl concentration of 28% wt. Acetic and citric acids were soluble at 
concentrations up to 10% wt. in all HCl acid concentrations. Figure 4.7 shows the 
solubility of chelating agents and organic acids when sea water was used for preparing 
the solutions. All chelates showed similar results except for the case of 20% GLDA 
which was not soluble in 15% HCl acid. Acetic and citric acids were soluble at 
concentrations up to10% in all HCl acid concentrations except for acetic acid which was 
not soluble at any concentration when mixed with 28% HCl acid. From this study, all of 
the investigated chelates were not suitable as an iron control to be added to 28% HCl 
when sea water was used in preparation instead of deionized water. For HCl acid 
concentration of 20%, DTPA was the only chelate that soluble at low concentrations as 
low as 2.5%. For the case of acetic and citric acids, 10% concentration was used as a 
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maximum concentration as generally no more than that concentration will be added to the 
HCl acid as iron control agent. 
Mixture of HEDTA and GLDA chelating agents were prepared and mixed with HCl acid 
at different concentrations to investigate their solubility. The main purpose was to check 
if there is a difference in solubility conditions than mixing a separate chelate in HCl acid. 
Results show similar solubility with no big impact. Still there was no solubility of this 
mixture in high HCl acid concentrations, especially when sea water was used instead of 
deionized water. Figure 4.8 shows soluble concentrations of these chelates in HCl acid 
when the solution prepared by deionized water. Figure 4.9 shows an example of the 
solubility tests done for the case of sea water. 
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Figure 4.6: Solubility of chelates & organic acids in HCl acid when solutions prepared by DI water at 
temperature of 72
o
F and atmospheric pressure 
 
 
Figure 4.7: Solubility of chelates & organic acids in HCl acid when the solution is prepared by sea water at 
temperature of  72
o
F and atmospheric pressure 
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Figure 4.8: Solubility of HEDTA_GLDA mixture in HCl acid when the solutions prepared by DI water at 
temperature of 72
o
F and atmospheric pressure 
 
 
Figure 4.9: Solubility of HEDTA_GLDA mixture in HCl acid when the solutions prepared by sea water at 
temperature of 72
o
F and atmospheric pressure 
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4.3.2 Improving Solubility of Chelating Agents  
Acetic and citric acids were used to investigate the ability of improving the solubility of 
chelating agents in concentrated HCl acid. The focus was on the solutions that have HCl 
acid concentrations of 20% and 28%. Unfortunately all of the attempts failed to increase 
the solubility of these chelates. In fact, solubility of these chelates remained as it was 
after adding 1.0% and 2.5% of acetic and citric acids. Figures 4.10 through 4.12 show 
some examples of solubility tests by adding acetic/citric acids. 
4.3.3 New Formulations for Iron Control Agents 
From the screening done for different chelating agents and organic acids mixed with HCl 
acid at different concentrations, the following formulations were selected to be tested as 
an iron control agents: 5% HEDTA_20% HCl, 5% GLDA_20% HCl, 5% DTPA_20% 
HCl and 2.5% acetic acid_2.5% citric acid_20% HCl. A 3000 ppm of ferric ions were 
added to each of these formulations, and then pH of these solutions was increased in steps 
to investigate the effectiveness of each iron control agent in keeping ferric ions in 
solution. All experiments were done at room temperature. 
Figures 4.13 through 4.16 show different HCl acid formulations of different 
concentrations of chelating agents and organic acids as iron control agents. This study 
showed clearly that 5% of HEDTA and DTPA chelating agents were managed to keep 
3000 ppm of ferric ions in solution for pH up to 4.35. Same results were observed for 
2.5% acetic acid and 2.5% citric acid which stabilize ferric ions without precipitations for 
pH up to 4.0. For the case of GLDA chelating agent, brown color precipitations were 
observed when solution pH was increased to 3.5. This concluded that GLDA can only 
stabilizes ferric ions at pH environment less than 3.0. Two more experiments were done 
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for 5% GLDA_20% formulation by adding 1000 ppm and 2000 ppm of ferric ions to 
investigate the maximum pH before precipitation occurred. For 1000 ppm ferric ions, 
precipitation occurred when the solution pH was greater than 4.0, and for 2000 ppm ions 
precipitation occurred when the solution pH increased to 3.4; as can be shown in figures 
4.17 and 4.18. 
From this study, it was clear that HEDTA and DTPA chelating agents, acetic and citric 
acids were efficient as iron control agents for HCl acid concentrations up to 20%, as these 
chemicals successfully kept up to 3000 ppm of ferric ions in solution without any 
precipitation. GLDA chelating agent has limitations on the amount of ferric ions to be 
sequestered at pH values greater than 3.0. 
 
Figure 4.10: Effect of adding acetic acid on solubility of chelating agents at temperature of 72
o
F 
 
51 
 
 
Figure 4.11: Effect of adding citric acid on solubility of chelating agents at temperature of 72
o
F  
 
 
Figure 4.12: Effect of adding acetic and citric acids on solubility of chelating agents at temperature of 72
o
F 
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Figure 4.13: 5% HEDTA/20% HCl formulation after adding 3000 ppm ferric ions at different pH at 
temperature of 72
o
 F  
 
 
Figure 4.14: 5% DTPA/20% HCl formulation after adding 3000 ppm ferric ions at different pH at temperature 
of 72
o
 F 
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Figure 4.15: 5% GLDA/20% HCl formulation after adding 3000 ppm ferric ions at different pH at temperature 
of 72
o
 F 
 
 
Figure 4.16: 2.5% acetic/2.5% citric/20% HCl formulation after adding 3000 ppm ferric ions at different pH  at 
temperature of 72
o
 F 
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Figure 4.17: 5% GLDA/20% HCl formulation after adding 1000 ppm ferric ions at different pH values at 
temperature of 72
o
 F  
 
 
Figure 4.18: 5% GLDA/20% HCl formulation after adding 2000 ppm ferric ions at different pH values at 
temperature of 72
o
 F 
 
 
 
55 
 
CHAPTER 5 
PHYSICAL PROPERTIES OF CHELATING AGENTS 
5.1 Introduction 
Measuring physical properties of chelating agents such as density, viscosity, and 
interfacial tension (IFT) is very important for proper understanding of the wormholing 
mechanism and better modeling. In this part density, viscosity, and IFT were measured at 
different temperatures and chelant concentrations. EDTA, HEDTA and DTPA chelating 
agents at different concentrations were studied. Density and viscosity of each chelant 
were measured after dissolving certain amount of calcium ions in the solution to 
investigate the effect of the chelated calcium ions on the physical properties of the 
chelating solutions. Calcium ions in the solution were increased in steps up to 15000 ppm 
depending on the concentration of the chelating solution. Each chelating solution was 
stirred for at least 24 hours to insure all the added calcium ions were dissolved, and then 
the solution was filtered to make sure no any solids or debris in the solution. 
5.2 Physical Properties of EDTA 
EDTA solutions of different concentrations were prepared using deionized water and sea 
water at pH of 10. Because pH of EDTA was not able to be reduced to lower values for 
higher concentrations, only one EDTA solution of 9.25% and 4.5 pH was prepared and 
tested to see if pH of the solution can have a noticeable effect of the physical properties 
of the solution at different temperatures. 
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5.2.1 Effect of Temperature on Density of EDTA 
Three EDTA fluids at different concentrations of 18.5%, 9.25% and 3.7% were prepared 
by deionized water. Density of each solution was measured at different temperatures. 
Figure 5.1 shows the changes in density with temperature for the above mentioned 
solutions. From the figure, it was clear that the best equation that represents this relation 
between density and temperature is polynomial. Based on that, the equation relating the 
density to the temperature and EDTA concentration was developed as follows: 
                    
                                                      (5.1) 
where ρEDTA is density of EDTA in gm/cc, T is temperature in degree F, and CEDTA is 
concentration of EDTA in wt. %.  
Above equation can be used to estimate the EDTA density at any concentration and 
temperature within average errors of 0.7%. 
Figure 5.2 shows the effect of pH on the density of EDTA. The figure claimed that the 
effect of pH on the density of EDTA is negligible as only a difference of about 0.6% was 
recorded for the case of 9.25% EDTA.  
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Figure 5.1: EDTA density at different concentrations and temperatures 
 
 
Figure 5.2: Effect of pH on density of 9.25% EDTA 
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5.2.2 Effect of Calcium Ions on Density of EDTA 
Calcium ions were added to a 10.0 pH EDTA at different concentrations to find out the 
effect of the dissolved calcium on the physical properties. Figures 5.3 to 5.5 show the 
density of EDTA as the calcium ions were added to the solutions. From these figures, it 
was clear that the same relation between the density and the temperature was maintained, 
except the curve was shifted up as the calcium ions were increased in the solution. This 
shift was expected as the density of each fluid will increase if solid material was 
dissolved in it. The following equations were developed for the relation between density 
and calcium ions at different temperature values: 
                  
                                                               (5.2) 
                  
                                                               (5.3) 
                 
                                                               (5.4) 
Where ρ18.5%EDTA is density of 18.5% EDTA in gm/cc, ρ18.5%EDTA is density of 9.25% 
EDTA in gm/cc, ρ18.5%EDTA is density of 3.7% EDTA in gm/cc, and CCa is calcium 
concentration in ppm.  
The above three equations can be used to estimate the density of EDTA for any specified 
EDTA concentration and any calcium ions concentrations within an average errors of 
0.5%, 1.3% and 0.6%, respectively. 
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Figure 5.3: Effect of calcium ions on density of 18.5% EDTA 
 
 
Figure 5.4: Effect of calcium ions on density of 9.25% EDTA 
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Figure 5.5: Effect of calcium ions on density of 3.7% EDTA 
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5.2.3 Effect of Temperature on Viscosity of EDTA 
Three EDTA fluids at different concentrations of 18.5%, 9.25% and 3.7% were prepared 
by deionized water. Viscosity of each solution was measured at different temperatures. 
Figure 5.6 shows the changes in viscosity with temperature for the above mentioned 
solutions. From the figure, it was clear that the best equation represents this relation 
between viscosity and temperature is exponential. Based on that, the equation that 
relating the viscosity to the temperature and EDTA concentration was developed as 
follows: 
               
         (               
        )                                           (5.5) 
where μEDTA is viscosity of EDTA in cP.  
Above equation can be used to estimate the viscosity of EDTA at any concentration and 
temperature within average errors of 0.3%. 
Figure 5.7 shows the effect of pH on the viscosity of EDTA. The figure showed that the 
effect of pH on the viscosity of EDTA is noticeable as the difference of about 14.0% was 
recorded for the case of 9.25% EDTA.  But because the viscosity values are generally 
small at temperature greater than 100
o
F which is less than 1.0 cp, using one value of 
viscosity will not create big errors. 
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Figure 5.6: EDTA density at different concentrations and temperatures 
 
 
Figure 5.7: Effect of solution pH on viscosity of 9.25% EDTA 
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5.2.4 Effect of Calcium Ions on Viscosity of EDTA 
Calcium ions were added to a 10.0 pH EDTA at different concentrations to find out the 
effect of the dissolved calcium on the physical properties. Figures 5.8 to 5.10 show the 
viscosity of EDTA as the calcium ions were added to the solutions. From these figures, it 
was clear that the same relation between the viscosity and the temperature was 
maintained, except the curve was shifted up as the calcium ions were increased in the 
solution. This shift was expected as the viscosity of each fluid will increase if solid 
material was dissolved in it. The following equations were developed for the relation 
between viscosity and calcium ions at different temperature values: 
                      
                      
         
                                     (5.6) 
                     
                       
          
                                    (5.7) 
                     
                        
           
                                  (5.8) 
The above three equations can be used to estimate the viscosity of EDTA for any 
specified EDTA concentration and any calcium ions concentration within average errors 
of 0.6%, 0.5% and 0.6%, respectively. 
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Figure 5.8: Effect of calcium ions on viscosity of 18.5 EDTA 
 
 
Figure 5.9: Effect of calcium ions on viscosity of 9.25% EDTA 
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Figure 5.10: Effect of calcium ions on viscosity of 3.7% EDTA 
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5.3 Physical Properties of DTPA 
DTPA solutions at different concentrations and pH of 12.0 were prepared by deionized 
water and sea water. Density and viscosity of these solutions were measured at different 
temperature values. Also calcium ions were added to these fluids to figure out the effect 
of calcium ions on their physical properties. 
5.3.1 Effect of Temperature on Density of DTPA 
Three DTPA fluids have different concentrations that were 20%, 10% and 4% were 
prepared using deionized water. Density of each solution was measured at different 
temperatures. Figure 5.10 shows the changes in density with temperature for the above 
mentioned solutions. Same relation between density and temperature was obtained, which 
was following the polynomial relation. The equation that relating the density to the 
temperature at different DTPA concentration was developed as follows: 
                     
                                          (5.9) 
where ρDTPA is density of DTPA in gm/cc, T is temperature in degree Fahrenheit, and 
CDTPA is concentration of DTPA in wt. %.  
Above equation can be used to estimate the DTPA density at any concentration and 
temperature within average errors of 0.6%. 
Figure 5.12 shows the effect of the solution pH on the density of 10% DTPA solution. It 
is clear that pH has a negligible effect on the density of the solution as only about 0.7% 
difference was noticed. In other words, one density value can be used for DTPA solution 
with same concentration and any pH value. 
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Figure 5.11: Effect of temperature and concentration on density of DTPA 
 
 
Figure 5.12: Effect of pH on the density of 10.0% DTPA 
0.90
0.95
1.00
1.05
1.10
1.15
0 50 100 150 200 250
D
T
P
A
 d
en
si
ty
, 
g
m
/c
c
 
Temperature, oF 
20% 10% 4.00%
0.90
0.95
1.00
1.05
1.10
1.15
0 50 100 150 200 250
D
T
P
A
 d
en
si
ty
, 
g
m
/c
c 
Temperature, oF 
4.5 pH 12.0 pH
68 
 
5.3.2 Effect of Calcium Ions on Density of DTPA 
Calcium ions were added to a 12.0 pH DTPA at different concentrations to find out the 
effect of the dissolved calcium ions on the physical properties. Figures 5.13 to 5.15 show 
the density of DTPA as the calcium ions were added to the solutions. From these figures, 
it was clear that the same relation between the density and the temperature was 
maintained, except the curve was shifted up as the calcium ions were increased in the 
solution. This shift was expected as the density of each fluid will increase if solid 
material was dissolved in it. The following equations were developed for the relation 
between density and calcium ions at different temperature values: 
                
                                                                (5.10) 
                
                                                                (5.11) 
                
                                                                 (5.12) 
The above three equations can be used to estimate the density of DTPA for any specified 
concentration and any calcium ions concentration within average errors of about 0.45%. 
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Figure 5.13: Effect of calcium ions on density of 20% DTPA 
 
 
Figure 5.14: Effect of calcium ions on density of 10% DTPA 
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Figure 5.15: Effect of calcium ions on density of 4% DTPA 
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5.3.3 Effect of Temperature on Viscosity of DTPA 
Three DTPA fluids at different concentrations of 20.0%, 10.0% and 4.0% were prepared 
by deionized water. Viscosity of each solution was measured at different temperatures. 
Figure 5.16 shows the changes in viscosity with temperature for the above solutions. 
From the figure, it was clear that the best equation that represents this relation between 
viscosity and temperature is exponential; as was depicted for EDTA. Based on that, the 
equation that relating the viscosity to the temperature and DTPA concentration was 
developed as follows: 
              
         (              
       )                                              (5.13) 
where μDTPA is viscosity of DTPA in cP. 
Above equation can be used to estimate the DTPA viscosity at any concentration and 
temperature within average errors of 3.0%. 
Figure 5.17 shows the effect of the solution pH on the viscosity of 10% DTPA solution. It 
is clear that pH has a small effect on the viscosity of the solution especially at 
temperatures greater than 100
o 
F. The difference is about 3.5%. In other words, one value 
of viscosity can still be used for DTPA solution with same concentration and any pH 
value at temperature higher than 100
o 
F. 
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Figure 5.16: Effect of temperature and concentration on viscosity of DTPA 
 
 
Figure 5.17: Effect of solution pH on viscosity of 10% DTPA 
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5.3.4 Effect of Calcium Ions on Viscosity of DTPA 
Calcium ions were added to a 12.0 pH DTPA at different calcium concentrations to find 
out the effect of the dissolved calcium on the physical properties. Figures 5.18 to 5.20 
show the viscosity of DTPA as the calcium ions were added to the solutions. From these 
figures, it was clear that the same relation between the viscosity and the temperature was 
maintained, except the curve was shifted up as the calcium ions are increased in the 
solution. This shift was expected as the viscosity of each fluid will increase if solid 
material was dissolved in it. The following equations were developed for the relation 
between viscosity and calcium ions at different temperature values: 
                   
                       
          
                                  (5.14) 
                   
                       
          
                                   (5.15) 
                 
                                                                           (5.16) 
The above three equations can be used to estimate the viscosity of DTPA for the 
specified DTPA concentrations and any calcium ions concentrations within an average 
errors of about 1.0%. 
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Figure 5.18: Effect of calcium ions on viscosity of 20% DTPA 
 
 
Figure 5.19: Effect of calcium ions on viscosity of 10% DTPA 
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Figure 5.20: Effect of calcium ions on viscosity of 4% DTPA 
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5.4 Physical Properties of HEDTA 
HEDTA solutions at different concentrations were prepared by deionized water and sea 
water at pH of 4.0. Density and viscosity of these solutions were measured at different 
temperature values. Also calcium ions were added to these fluids to figure out the effect 
of calcium ions on the physical properties. HEDTA concentrations of 20%, 15% and 10% 
were selected to be studied. 
5.4.1 Effect of Temperature on Density of HEDTA 
Six HEDTA fluids at different concentrations of 20%, 15% and 10% were prepared by 
deionized water and sea water. Density of each solution was measured at different 
temperatures. Figures 5.21 and 5.22 show the changes in density with the temperature for 
the cases of solutions prepared by deionized water and sea water, respectively. Same 
relation between density and temperature was obtained, which was following the 
polynomial relation for both cases. The equations relating the density to the temperature 
at different HEDTA concentration were developed as follows: 
                          
                                          (5.17) 
                          
                                         (5.18) 
where ρHEDTA_DI and ρHEDTA_SW are the densities of HEDTA prepared by deionized water 
and sea water in gm/cc, T is temperature in degree Fahrenheit, and CHEDTA is 
concentration of HEDTA in wt. %.  
Above two equations can be used to estimate the HEDTA density at any concentration 
and temperature within average errors of 0.5%.  
77 
 
 
Figure 5.21: Effect of temperature on density of HEDTA prepared by DI water 
 
 
Figure 5.22: Effect of temperature on density of HEDTA prepared by sea water 
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5.4.2 Effect of Calcium Ions on Density of HEDTA 
Calcium ions were added to the previously prepared HEDTA solutions to find out the 
effect of the dissolved calcium ions on the physical properties. Figures 5.23 to 5.28 show 
the density of HEDTA as the calcium ions were added to the solutions. From these 
figures, it was clear that the same relation between the density and the temperature was 
maintained, except the curve was shifted up as calcium ions were increased in the 
solution. This shift was expected as the density of each fluid will increase if solid 
material was dissolved in it. The following equations were developed for the relation 
between density and calcium ions at different temperature values: 
                     
                                       (5.19) 
                     
                                       (5.20) 
                     
                                       (5.21) 
                     
                                      (5.22) 
                     
                                      (5.23) 
                     
                                      (5.24) 
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Figure 5.23: Effect of calcium ions on density of 20% HEDTA prepared by DI water 
 
 
Figure 5.24: Effect of calcium ions on density of 15% HEDTA prepared by DI water 
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Figure 5.25: Effect of calcium ions on density of 10% HEDTA prepared by DI water 
 
 
Figure 5.26: Effect of calcium ions on density of 20% HEDTA prepared by sea water 
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Figure 5.27: Effect of calcium ions on density of 15% HEDTA prepared by sea water 
 
 
Figure 5.28: Effect of calcium ions on density of 10% HEDTA prepared by sea water 
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5.4.3 Effect of Temperature on viscosity of HEDTA 
Six HEDTA fluids at different concentrations of 20.0%, 15.0% and 10.0% were prepared 
by deionized water and sea water. Viscosity of each solution was measured at different 
temperatures. Figures 5.29 and 5.30 show the changes in viscosity with temperature for 
the above mentioned solutions. From these figures, the relation between viscosity and 
temperature can be best represented by exponential curve. Based on that, the equations 
relating the viscosity and the temperature for each HEDTA solution was developed as 
follows: 
                   
         (               
        )                                     (5.25)  
                  
         (               
       )                                     (5.26) 
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Figure 5.29: Effect of temperature on viscosity of HEDTA prepared by DI water 
 
 
Figure 5.30: Effect of temperature on viscosity of HEDTA prepared by sea water 
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5.4.4 Effect of Calcium Ions on Viscosity of HEDTA 
Calcium ions were added to the previously prepared HEDTA solutions to find out the 
effect of the dissolved calcium ions on the physical properties. Figures 5.31 to 5.36 show 
the changes on the viscosity of HEDTA as the calcium ions were added to the solutions. 
From these figures, it was clear that the same relation between the viscosity and the 
temperature was maintained, except the curve was shifted up as the calcium ions are 
increased in the solution. This shift was expected as the viscosity of each fluid will 
increase if solid material was dissolved in it. The following equations were developed for 
the relation between viscosity and calcium ions at different temperature values: 
                     
                      
          
                                 (5.27) 
                     
                      
          
                                 (5.28) 
                     
                      
          
                                 (5.29) 
                     
                      
         
                                 (5.30) 
                     
                      
          
                                 (5.31) 
                     
                      
          
                                (5.32) 
The above six equations can be used to estimate the viscosity of HEDTA at specific 
concentration at a certain temperature and known dissolved calcium concentration with in 
average errors of about 0.6%. 
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Figure 5.31: Effect of calcium ions on viscosity of 20% HEDTA prepared by DI water 
 
 
Figure 5.32: Effect of calcium ions on viscosity of 15% HEDTA prepared by DI water 
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Figure 5.33: Effect of calcium ions on viscosity of 10% HEDTA prepared by DI water 
 
 
Figure 5.34: Effect of calcium ions on viscosity of 20% HEDTA prepared by sea water 
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Figure 5.35: Effect of calcium ions on viscosity of 15% HEDTA prepared by sea water 
 
 
Figure 5.36: Effect of calcium ions on viscosity of 10% HEDTA prepared by sea water 
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5.5 Interfacial Tension between Oil and Chelating Agents 
Interfacial tension between hydrocarbons and chelating agents is important to be studied 
for many reasons. It gives information on the structure and energy at the oil-chelate or 
gas-chelate interface. Interfacial tension is very important when stimulating gas wells. 
Low surface tension between gas and stimulation fluid is required to reduce capillary 
forces, and hence allow deep penetration inside the reservoir 
[62]
.  
In this study, effect of concentration of EDTA, HEDTA and GLDA chelating agents on 
the interfacial tension between them and crude oil was investigated. Interfacial tension 
between live and spent chelating agents having different concentrations and crude oils of 
different API gravities were measured at room conditions. Three different concentrations 
of 20%, 15% and 10% of each chelant, and three crude oils have API gravities of 31.18
o
, 
35.6
o
 and 40.0
o
 were used in this study. Optical tensiometer from Biolin Scientific 
Company was used to measure the interfacial tension between chelating agents and crude 
oils. Spent chelating agents were prepared by dissolving 10 grams of calcium carbonate 
in 50 grams of chelating agents, and then the solution was filtered to remove any solids in 
the solution. Table 5.1 shows the properties of cheating agents that used in these studies. 
 
Table 5.1: Properties of chelating agents 
Chelating Agents Diluting water 
Concentration 
% 
pH value 
EDTA 
Deionized water 20 8 
Deionized water 15 8 
Deionized water 10 8 
HEDTA 
Deionized water 20 4 
Deionized water 15 4 
Deionized water 10 4 
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Chelating Agents Diluting water 
Concentration 
% 
pH value 
GLDA 
Deionized water 20 4 
Deionized water 15 4 
Deionized water 10 4 
 
5.5.1 Interfacial Tension between Live Chelants and Crude Oils  
To investigate the effect of chelant concentration on the interfacial tension between the 
chelant and crude oil, three measurements were done at three different chelant 
concentrations. Figure 5.37 shows the effect of EDTA concentration on the interfacial 
tension of three different crude oils. Figure shows clearly that interfacial tension was 
increasing with the increase in the EDTA concentration. This increase could be as a result 
of increasing the amount of chemical solids dissolved in the water, which in turn increase 
the density and viscosity of the solution that could lead to increase in the interfacial 
tension. Interfacial tension decreased with the increase in the crude oil API gravity for the 
same solution due to the increase of the difference in density between the chelant and the 
crude oil. Interfacial tension for the case of 40
o 
API crude oil for all EDTA 
concentrations has measurements errors because the oil droplet was very small and it was 
not stable for enough time as per the recommended practice by the manufacturing 
company. Similar results were observed for HEDTA and GLDA chelating agents in 
terms of increasing interfacial tension with the increase in the chelant concentration. 
Figure 5.38 shows the relation between the interfacial tension of different concentrations 
of HEDTA and different crude oils. Same trend of increasing interfacial tension with the 
increase in the HEDTA concentrations was observed, except interfacial tension for 40
o 
API crude oil was slightly greater than that of 35.6
o 
API. Because the difference in 
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density of these crude oils was not that big, we can conclude that interfacial tension 
between HEDTA and lighter crude oils can be assumed similar for crude oils having 
densities in the range 30
o
 – 40o API. The difference in the interfacial tension in this range 
of crude oils was only 2.0 mN/m, which can be considered as small difference. Figure 
5.39 shows the relation between the interfacial tension at different concentrations of 
GLDA and the crude oils. Interfacial tension was experiencing a slight increase as GLDA 
concentration increase. But in terms of crude oil type, similar trend was observed as for 
the case of HEDTA where the increase in the crude oil density will tend to decrease the 
interfacial tension. In general, increasing the chelating agents concentration will tend to 
increase the interfacial tension, and increasing the API gravity of the crude oil will tend 
to decrease the interfacial tension. HEDTA was found to have the highest interfacial 
tension, whereas EDTA has the lowest value for the same chelant concentration and 
crude oil API gravity. 
5.5.2 Interfacial Tension between Spent Chelants and Crude Oils  
To investigate the effect of spent chelating agents on the interfacial tension between the 
chelant and crude oil, three measurements were done at three different chelant 
concentrations. Spent chelating agents were prepared by adding 10 grams of calcium 
carbonate to 50 grams of chelant, and then the solution was filtered to insure no solids are 
suspended in the solution. Unfortunately, no measurements were conducted for HEDTA 
and GLDA as the screen of the optical tensiometer turned to black when their spent 
chelant were put in the instrument. Only studies on spent EDTA were conducted at 
different EDTA concentrations and crude oil gravities. Figure 5.40 shows the effect of 
concentration of the spent EDTA on the interfacial tension at different crude oil gravities. 
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Similar trend was observed for the spent EDTA as the interfacial tension tends to increase 
with the increase of the EDTA concentration, and for the same concentration, interfacial 
tension will tend to decrease with the increase on the crude oil API gravity. Figure 5.41 
shows the comparison between the live and spent EDTA. Figure shows clearly that 
interfacial tension of the spent EDTA was lower than that of live acid. 
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Figure 5.37:  Effect of 8.0 pH EDTA concentration on Interfacial tension at temperature of 72
o
F and 
atmospheric pressure 
 
 
Figure 5.38: Effect of 4.0 pH HEDTA concentration on interfacial tension at temperature of 72
o
F and 
atmospheric pressure 
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Figure 5.39: Effect of 4.0 pH GLDA concentration on Interfacial tension at temperature of 72
o
F and 
atmospheric pressure 
 
 
Figure 5. 40: Interfacial tension between 8.0 pH spent EDTA and crude oil at temperature of 72
o
F and 
atmospheric pressure 
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Figure 5.41: Comparisons of interfacial tension of the live and spent EDTA at temperature of 72
o
F and 
atmospheric pressure 
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CHAPTER 6 
CORE FLOODING EXPERIMENTS 
6.1 Introduction  
Core flooding experiments were carried out to investigate the effect of many parameters 
that influence the matrix treatment of carbonate rocks. These parameters are experiment 
temperature, injection rate, chelating agent concentration, pH of chelating agent, and 
water used to prepare the chelating agents. In these experiments, HEDTA, EDTA, and 
DTPA chelating agents at different concentrations and pH values were used to be injected 
at different temperatures and injection rates conditions. Deionized water and sea water 
were used to prepare chelating agents. 
6.2 Matrix Stimulation using HEDTA 
The main objective of matrix stimulation using HEDTA chelating agents was to find the 
optimum injection rate, and chelating agent concentration. HEDTA was prepared using 
sea water; and the pH value was 4.0 for all HEDTA formulations. Another three 
stimulation experiments were conducted using HEDTA prepared using deionized water 
to compare the results of both formulations in term of optimum stimulation conditions. 
6.2.1 Materials used in the Experiments 
Stimulation fluid used in these experiments was prepared using a formulation of HEDTA 
and synthetic sea water similar to Arabian Gulf sea water. The concentration of the 
HEDTA was 20% by weight, and the rest was sea water. The pH of HEDTA was 
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adjusted to be 4.0 by adding HCl to the prepared fluid. The fluid was stirred for at least 6 
hours to insure homogeneity of the solution. Indiana Limestone core samples of 3.81 cm 
size and 15.0 cm long were used in these experiments. Their porosities were varied from 
9.4% to 11.0% while permeabilities were varied from 0.33 to 6.56 md. CT scan images 
showed that all of the core samples were looked homogeneous. Table 5.1 shows the 
properties and experiments condition for each core sample. 
Table 6.1: Core samples properties & experiment conditions- HEDTA formulations 
 Core# 1 2 3 4 5 6 7 8 9 
Size cm 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 
Length cm 14.83 15.20 15.07 14.98 15.33 15.10 14.55 15.16 15.19 
Porosity Fraction 0.10 0.11 0.11 0.10 0.11 0.10 0.11 0.10 0.11 
Permeability md 0.94 3.75 1.29 1.02 1.54 0.33 1.92 0.49 6.56 
Pore volume Fraction 17.37 19.37 19.53 17.17 18.55 16.98 18.35 16.68 18.98 
Average CT 
number 
- 2622 2536 2576 2563 2637 2576 2589 2514 2560 
Saturated 
fluid 
- 
3% 
KCl 
3% 
KCl 
3% 
KCl 
3% 
KCl 
3% 
KCl 
3% 
KCl 
3% 
KCl 
3% 
KCl 
3% 
KCl 
HEDTA 
Conc. 
% 20 20 20 20 20 20 20 20 20 
Stimulated 
fluid’s pH 
 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 
Injection 
rate 
 0.5 1.0 2.0 4.0 1.0 2.0 4.0 0.5 1.0 
Experiment 
temperature 
o F 250 250 250 250 200 200 200 200 150 
Net 
overburden 
pressure 
psi 500 500 500 500 500 500 500 500 500 
Back 
pressure 
psi 1000 1000 1000 1000 1000 1000 1000 1000 1000 
 
Core flooding experiments were run at three different temperatures of 250
o
, 200
o
, and 
150
o 
F; and four different injection rates of 0.5, 1.0, 2.0 and 4.0 cc/min. The above 
injection rates were repeated for the temperatures of 200
o
 and 250
o
F, and then the 
optimum injection rate was used to conduct one core flooding experiment at temperature 
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of 150
o
F. The optimum injection rate was found to be in the range of 0.5 to 1.0 for both 
temperatures of 200
o
 and 250
o
F.  
6.2.2 Matrix Stimulation at Temperature of 250oF  
Four experiments were conducted at 0.5, 1.0, 2.0 and 4.0 cc/min injection rates for 
Indiana Limestone core samples. The optimum injection rate was found to be 1.0 cc/min 
and 4.46 PVs was required to create a dominant wormhole throughout the length of the 
core sample. When similar core sample was injected with 0.5 cc/min, similar results were 
observed indicating that the optimum injection condition at this temperature were in the 
range between 0.5 to 1.0 cc/min. Optimum injection rate was selected to be 1.0 cc/min 
for timing point of view. Dominant and narrow wormholes with small and short branches 
were created when core samples were injected at 0.5 and 1.0 cc/min. For the case of 2.0 
and 4.0 cc/min injection rates, wide wormholes with many branches were created 
indicating the existence of some sort of ramified pattern of wormholes. Figure 6.1 shows 
the normalized pressure drop across the core samples versus the pore volumes injected to 
create the WH. The peak of the pressure drop reached at almost half of the pore volumes 
needed. Figure 6.2 shows the core CT scan slices for the experiment conducted at 
temperature of 250
o
F. These figures show clearly the WHs inside each core sample.  
Figure 6.3 shows the inlet phases and wormhole paths for the case of 250
o
F. From this 
figure it was clear that for the case of optimum injection rates the wormholes were 
narrow with less number of branches which were short in length. For 2.0 and 4.0 cc/min 
injection rates, wormhole paths were wide with many branches indicating ramified 
pattern. Table 6.2 summarizes the results of the experiments conducted at temperature of 
250
o 
F. 
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Figure 6.1: Normalized pressure drop versus pore volume injected for experiments conducted at 250
o
F 
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Figure 6.2: CT scan slices show the WH created at temperature of 250
o
F 
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Figure 6.3: Intel phases and wormhole paths for cores stimulated at 250
o
F 
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Table 6.2: Results of stimulation experiments conducted at 250
o
F 
 Units Exp#1 Exp#2 Exp#3 Exp#4 
Injection rate cc/min 0.5 1.0 2.0 4.0 
K before md 0.94 3.75 1.29 1.02 
K after md 195 51 76 76 
K increment Frction 207 14 59 74 
PV injected Fraction 4.40 4.46 7.18 8.70 
HEDTA injected cc 76.4 86.40 140.2 149.4 
 
6.2.3 Matrix Stimulation at Temperature of 200oF  
Four experiments were conducted at injection rates of 0.5, 1.0, 2.0 and 4.0 cc/min for 
Indiana Limestone core samples. The optimum injection rate was found to be 1.0 cc/min 
and 6.32 PVs was required to create a dominant wormhole throughout the length of the 
core sample. Similar results were also observed for the injection rate of 0.5 cc/min where 
it needed around 6.4 PVs to create dominant WHs. This is mainly due to the existence of 
the optimum injection rate in this range, but the optimum injection rate was selected to be 
1.0 cc/min because of timing considerations. These results were in agreement with the 
results got at temperature of 250
o
F in terms of the optimum injection rate. For the 
injection rate of 2.0 cc/min, creation of the wormholes needed about 11.80 PVs due to the 
dispersion of the fluid in most of core sample pores in addition to the path of the 
wormhole. The situation was worse for the injection of 4.0 cc/min which required 15.40 
PVs to breakthrough, but many branches were formed indicating some sort of ramified 
wormhole pattern. Figure 6.4 shows the normalized pressure drop versus the pore 
volumes injected for all the injection rates. This figure showed that the pressure drop 
reached its peak at almost half of the pore volumes needed to create wormholes for the 
optimum injection rate, while for the injection rates higher than the optimum rate the 
peak were reached earlier.  Figure 6.5 shows the core CT scan slices for the experiment 
conducted at temperature of 200
o
F. Figure 6.6 shows the inlet faces of the core samples 
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after stimulation; and also the wormhole paths created at different injection rates. 
Wormhole for the optimum injection rate have small and short branches while for the 
rates 2.0 and 4.0 cc/min there were many branches which relatively longer than that of 
the optimum injection rate. Also the areas around the wormholes that affected by the 
stimulation fluid for the rates of 2.0 and 4.0 cc/min were greater than that for the 
optimum injection rate which was narrow. Table 6.3 summarizes the results of these 
experiments. In general, the increase of temperature increases the reaction rate of 
chelating agents; which was indicated by creating the channels with less pore volumes 
when comparing the stimulation results of 200
o
F with the results of 250
o
F. 
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Figure 6.4: Normalized pressure drop versus the pore volume injected for the experiments conducted at 200
o
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Figure 6.5: CT scan slices show the WH created at temperature of 200
o
 F 
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Figure 6.6: Intel phases and wormhole paths for the cores stimulated at 200
o
F 
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Table 6.3: Results of stimulation experiments conducted at 200
o
F 
 Units Exp#1 Exp#2 Exp#3 Exp#4 
Injection rate cc/min 0.5 1.0 2.0 4.0 
K before md 0.49 1.54 0.33 1.92 
K after md 42 51 15 312 
K increment Fraction 85 33 44 163 
PV injected Fraction 6.36 6.32 11.80 15.40 
HEDTA injected cc 106.1 117.2 200.4 282.6 
 
6.2.4 Effect of Injection Rate on Stimulation Process 
As illustrated before, the temperature showed a great effect on the pore volume to be 
injected to reach the breakthrough at any injection rate. Figure 6.7 shows the pore volume 
required to breakthrough versus the injection rate for temperatures of 200
o
 and 250
o 
F. 
This figure showed clearly the existence of an optimum injection rate for both 
temperatures. Also the trend of the relation is similar for both temperature values.  
6.2.5 Effect of Temperature on Stimulation Process 
To study the effect of experiment’s temperature, three experiments were conducted at the 
optimum injection rate of 1.0 cc/min and three different temperatures that were 150
o
F, 
200
o
F and 250
o
F. The aim of this experiment was to determine the required pore volumes 
to create the wormhole and compare it with the one that observed at the previous 
temperatures. Creation of dominant wormhole needed about 13.5 PVs of the core sample 
at temperature of 150
o
F. This big amount of stimulation fluid required was mainly due to 
low temperature which tends to weaken the reaction rate of HEDTA with the carbonate 
rocks. Figure 6.8 shows the normalized pressure drop versus the pore volume injected for 
at the three different temperatures. The figure showed clearly that the stimulation start 
directly reacting with the calcite rock and there was no peak in the pressure drop curve 
for the temperature of 150
o
F as compared to that of temperatures of 200
o
 and 250
o
F. Also 
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the trend was almost linear with no curvature. The figure also concluded that as the 
temperature decreased, more stimulation fluid should be injected to create the dominant 
WH. For example, at temperature of 150
o
F a dominant WH required about 13.5 PVs to be 
created as compared to 4.46 PVs required for the case of 250
o
F. Figure 6.9 represents CT 
slices of the core samples that stimulated at different temperatures, which clearly confirm 
the creation of dominant WH at the optimum injection rate. Figure 6.10 shows the inlet 
faces and the WH paths for the core samples stimulated at same injection rate and 
different temperatures. The figure shows clearly the creation of dominant WH with fewer 
WH branches for all the investigated temperatures. Figure 6.11 shows the effect of 
temperature on the pore volume to break-through at the optimum injection rate of 1.0/m. 
The figure claims that at temperatures higher than 200
o
F, the effect of temperature is not 
that big as compared to temperature as low as 150
o
F or even lower, which the pore 
volume required is increasing sharply. Table 6.4 shows the results of the experiments 
conducted at the optimum injection rate and different temperatures. 
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Figure 6.7: Effect of the injection rate on the stimulation process at different temperatures 
 
 
Figure 6.8: Comparison of the PVs injected at three different temperatures 
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Figure 6.9: CT scans of core samples stimulated at different temperatures 
 
 
Figure 6.10: Inlet faces and WH paths of core samples stimulated at different temperatures 
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Figure 6.11: Effect of temperature on the PV to breakthrough using 20% HEDTA prepared by SW 
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HEDTA injected cc 256 117.2 76.4 
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6.2.6 Effect of HEDTA Concentration on Stimulation Process 
To study the effect of HEDTA concentration on the stimulation process, three stimulation 
experiments were conducted at temperature of 250
o
F, injection rate of 1.0 cc/m and three 
different HEDTA concentrations that were 10%, 15%, and 20% by weight. Figure 6.12 
shows the normalized pressure drop versus the pore volume injected for the experiments 
conducted at different HEDTA concentrations. Based on the results of these experiments, 
higher concentrations of HEDTA fluids required lower amount of stimulation fluid to 
create optimum WHs. As the HEDTA concentration decrease, the volume required to 
breakthrough will increase. Figure 6.13 shows the relation between the HEDTA 
concentration and the volume required to create WHs. This figure shows the decreasing 
trend of pore volumes required with the increase of HEDTA concentration. Figures 6.14 
and 6.15 show the CT slices, inlet and outlet of the core samples stimulated at different 
HEDTA concentrations, which clearly showed the creation of single and dominant WH. 
Table 6.5 summarizes the results of the experiments conducted at temperature of 250
o
F, 
injection rate of 1.0 cc/m and different HEDTA concentrations. 
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Figure 6.12: Normalized pressure drop versus PV injected for experiments conducted at different HEDTA 
concentrations and temperature of 250
o
F 
 
 
Figure 6.13: Effect of HEDTA concentration on the PV required to breakthrough at temperature of 250
o
F 
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Figure 6.14: CT scan of the core samples stimulated at different HEDTA concentrations and temperature of 
250
o
F 
 
Figure 6.15: Inlet faces and WH paths for core samples stimulated at different HEDTA concentrations and 
temperature of 250
o
F 
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Table 6. 5: Results of stimulation experiments conducted at different temperature 
 Units Exp#1 Exp#2 Exp#3 
Injection rate cc/min 1.0 1.0 1.0 
Concentration % wt. 10 15 20 
K before md 0.70 0.52 0.94 
K after md 1266 1266 195 
K increment Fraction 1811 2440 207 
PV injected Fraction 5.31 5.07 4.40 
HEDTA injected cc 87.3 88.6 76.4 
6.2.7 Effect of Mixing HEDTA with Sea Water  
To investigate the effect of mixing HEDTA with sea water instead of deionized water, 
three stimulation experiments were conducted by using 4.0 pH, 20% HEDTA prepared 
by deionized water. The experiments were conducted using three different injection rates 
that were 0.5, 1.0, and 4.0 cc/m. Figure 6.16 shows normalized pressure drop versus the 
pore volume injected for the three core samples stimulated using 20% HEDTA prepared 
by deionized water at temperature of 250
o 
F. Figure 6.17 shows the comparison between 
the experiment results of the stimulation conducted using 4.0 pH, 20% HEDTA prepared 
by deionized water and sea water. The performance of the fluid prepared by sea water 
was similar to that prepared by deionized water with slight differences in terms of ore 
volume required to break through. In general, experiments conducted with HEDTA 
prepared by deionized water consumed small amount of fluid to create WH as compared 
to that prepared by sea water. Even at low rates, the chelating agent will not totally be 
consumed to create the WHs. And because sea water has relatively small amounts of ions 
such as calcium and magnesium, HEDTA will not lose much of its chelation power. 
Figure 6.18 and 6.19 show the CT scan, inlet faces, and WH paths for the core samples 
stimulated using 4.0 pH, 20% HEDTA prepared by deionized water. Table 6.6 
summarizes the results of the experiments conducted using the above mentioned 
stimulation fluid at different injection rates. 
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Figure 6.16: Normalized pressure drop versus PV injected for core samples stimulated with HEDTA prepared 
by DI water at temperature of 250
o
F 
 
 
Figure 6.17: Comparison between the experiments conducted using HEDTA prepared by DI water and that 
prepared by sea water at temperature of 250
o
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Figure 6.18: Inlet faces and WH paths for core samples stimulated using HEDTA prepared by DI water at 
temperature of 250
o
F 
 
 
Figure 6. 19: CT scan slices show the WH created using HEDTA prepared by DI water at temperature of 250
o
F 
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Table 6.6: Results of experiments conducted using HEDTA prepared by DI water at 250
o
 F 
 Units Exp#1 Exp#2 Exp#3 
Injection rate cc/min 0.5 1.0 4.0 
K before md 0.45 0.45 0.46 
K after md 47 898 560 
K increment Fraction 116 1988 1207 
PV injected Fraction 5.10 3.90 9.05 
HEDTA injected cc 79.1 63.9 154.6 
 
6.2.8 Optimum Conditions for HEDTA Chelating Agent 
It is always very important to determine the optimum conditions for any operation in 
order to be performed in an efficient manner and as low cost as possible. That is why 
finding the optimum stimulation conditions are very important. Always stimulation 
treatment should be designed to use the lowest possible volume of stimulation fluid and 
at the same time perform the treatment at the lowest possible time. Based on the previous 
experiments, the lowest possible time can be achieved by injecting at high injection rates, 
but in this case the volume of the stimulation fluid will be high. If we inject the 
stimulation fluid at low rates, the volume of stimulation fluid will be less, but the time to 
perform the matrix treatment will be more than that required when high rates are used. So 
normally economics will be a vital role in the optimum conditions for stimulation 
treatments. For example, in offshore area where daily operation rates are very high, cost 
of stimulation fluid may be small as compared to the time required to perform the 
stimulation.  
A method of plotting the normalized volume required to breakthrough and normalized 
time to breakthrough was proposed to assist in defining the optimum injection rate and 
optimum HEDTA concentration. The procedure is to plot both normalized parameters 
against the injection rate or HEDTA concentration, and the point at which both curves 
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cross will be the optimum condition. Normalized volume to breakthrough is defined as 
volume required to breakthrough at certain rate or HEDTA concentration divided by the 
minimum possible volume to create WH for a set of experiments conducted at same 
condition and only injection rate should be changed. Mathematically: 
     
   
      
                                                                                                                 (6.1) 
where NVbt is normalized volume to breakthrough, Vbt is volume to breakthrough for 
specific experiment, and Vbt_min is minimum volume to breakthrough for  set of 
experiments. 
Normalized time to breakthrough is defined as the time required to breakthrough for 
certain rate or HEDTA concentration divided by the minimum possible time for a set of 
experiments. Mathematically: 
     
   
      
                                                                                                                 (6.2) 
where Ntbt is normalized time to breakthrough, tbt is time to breakthrough for specific 
experiment, and tbt_min is minimum time to breakthrough for  set of experiments. 
Minimum volume and time will be selected from set of experiments performed at similar 
condition and only one parameter will be changed. For example, injection rate will be 
changed and temperature and stimulation fluid will remain same. Figures 6.20 and 6.21 
show the optimum conditions for the experiments conducted at 200
o
F and 250
o
F using 
the same stimulation fluid. These two figures suggested that the optimum injection rates 
in terms of low volume and time to perform the stimulation are about 2.1 cc/m for 
temperature of 250
o
F, and 1.5 cc/m for temperature of 200
o
F.  Figure 6.22 shows the 
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normalized curves for defining the optimum concentration for HEDTA prepared sea 
water. The optimum HEDTA concentration was found to be 10% by weight which 
resulted in low volume as well as time to perform an optimum and efficient matrix 
stimulation. Figure 6.23 shows the optimum conditions for the experiments conducted at 
250
o
F using 20% HEDTA prepared by deionized water. The figure suggested that the 
optimum injection rate is about 1.6 cc/m. 
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Figure 6.20: Optimum conditions for 20% HEDTA prepared by sea water at 200
o
F 
 
 
Figure 6.21: Optimum conditions for 20% HEDTA prepared by sea water at 250
o
F 
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Figure 6.22: Optimum concentration of HEDTA prepared by sea water at 250
o
F 
 
 
Figure 6.23: Optimum conditions for 20% HEDTA prepared by DI water at 250
o
F 
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6.3 Matrix Stimulation using EDTA Chelating Agent 
Three fluids of EDTA formulations were prepared by deionized water to be injected 
inside Austin Chalk core samples as stimulation fluids. All the three core flooding 
experiments were run at same conditions of 250
o
F temperature, 1.0 cc/min injection rate, 
500 psi net overburden pressure, and 1000 psi back pressure. Another three matrix 
stimulation treatments were performed using EDTA prepared by sea water and injected 
inside Indiana Limestone core samples. 
6.3.1 Materials used in the Experiments  
A 37% EDTA solution having a pH of 8.35 was used to prepare stimulation fluids using 
DI water and sea water. HCl acid and NaOH were used to adjust the solution pH to the 
required value. The selected EDTA formulations were 18.5% wt. EDTA 10.0 pH, 
9.5%wt. EDTA 10.0 pH and 9.25 %wt. EDTA 4.5 pH.  Another 7.0 pH, 18.5% EDTA 
stimulation fluid was prepared by sea water. All of these fluids were stirred for at least 6 
hours to insure their homogeneity. 
Austin Chalk core samples of 3.81 cm size and 7.5 cm long and Indiana Limestone core 
samples of 3.81 cm size and 15.0 cm long were used in these experiments. Austin Chalk 
porosities were almost similar about 30% while permeabilities were varied from 10 to 15 
md, whereas porosities and permeabilities of Indiana Limestone cores were 10.1% -
10.3% and 0.62 – 0.7 md, respectively. CT scan images showed that all of the core 
samples were looked homogeneous. Table 6.7 shows the properties and experiment 
condition for each core sample. 
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Table 6.7: Core samples properties and experiment conditions - EDTA formulations 
 Units Core#1 Core#2 Core#3 Core#4 Core#5 Core#6 
Rock Type  Austin 
Chalk 
Austin 
Chalk 
Austin 
Chalk 
Ind. L. 
stone 
Ind. L. 
stone 
Ind. L. 
stone 
Size cm 3.81 3.81 3.81 3.81 3.81 3.81 
Length cm 7.45 7.50 7.29 15.17 13.40 15.04 
Porosity Fraction 0.29 0.30 0.29 0.102 0.101 0.103 
Permeability md 15.01 13.03 10.34 0.70 0.62 0.69 
Pore volume Fraction 24.61 25.48 24.01 17.76 15.45 17.77 
CT number - 2178 2122 2113 2610 2576 26114 
Saturated fluid - DI water DI water DI water 3% KCl 3% KCl 3% KCl 
EDTA Fluid  18.5%DI 9.25%DI 9.25%DI 18.5%SW 18.5%SW 18.5%SW 
pH  10.0 pH 10.0 pH 4.5 pH    
Injection rate cc/min 1.0 1.0 1.0 0.5 1.0 4.0 
Temperature oF 250 250 250 250 250 250 
Net ob. pressure psi 500 500 500 500 500 500 
Back pressure psi 1000 1000 1000 1000 1000 1000 
 
6.3.2 Effect of EDTA Concentration and pH  
Three stimulation treatments were conducted at same temperature of 250
o
F and same 
injection rate of 1.0 cc/m. The objective of these experiments was to find out the effect of 
the EDTA concentration and also the solution pH on the pore volume required to create 
the WHs. Figure 6.24 shows the pore volume to breakthrough for each stimulation fluid. 
Among the three fluids, 9.25% EDTA of 4.5 pH has the best performance which resulted 
in the minimum pore volume of about 2.8 PVs. Figure 6.25 shows the normalized 
pressure drop as the stimulation fluids were injected. 9.25% EDTA of 4.5 pH showed the 
lowest amount of stimulation fluid amongst the three fluids. Although 18% EDTA is 
more concentrated than the other two fluids, it needed more volume to create the 
wormhole. In other words, the non-spent fluid in the concentrated formulation was 
greater than that for the less concentrated ones. Figures 6.26 and 6.27 show the CT scan, 
inlet faces and the WH paths for the core samples stimulated by the above fluids. 
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Figure 6.24: Pore volume to breakthrough for different EDTA fluids prepared by DI water at temperature of 
250
o
F 
 
 
Figure 6.25: normalized pressure drop versus PV injected for core samples stimulated by EDTA at temperature 
of 250
o
F 
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Figure 6.26: CT slices of the core samples stimulated using EDTA prepared by DI water at temperature of 250
o
F 
 
 
Figure 6.27: Inlet faces and WH paths for the core samples stimulated using EDTA prepared by DI water at 
temperature of 250
o
F 
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6.3.3 Effect of Injection Rate on the Stimulation with EDTA 
Three stimulation treatments were conducted at same temperature of 250
o
F and different 
injection rates using 7.0 pH, 18.5% EDTA cheating agent prepared by sea water. The 
objective of these experiments was to find the optimum injection rate. Three injection 
rates of 0.5, 1.0, and 4.0 cc/m were selected to be used to inject the stimulation fluid. 
Figure 6.28 shows the normalized pressure drop versus the PV injected for the above 
three injection rates. Injection rate of 0.5 cc/m was the best rate amongst the three rates, 
which created dominant WH by injecting only 2.70 PVs. Figure 6.29 shows the relation 
between the injection rate and the PV to breakthrough. This figure suggested that the 
optimum injection rate is less than 0.5 cc/m, which can result in PV less than that of 0.5 
cc/m. 
If the lowest possible volume and time to perform the stimulation treatment were 
considered in determining the optimum stimulation conditions, the injection rate of nearly 
2.0 cc/m will be the optimum injection rate as can be shown in figure 6.30. Figures 6.31 
and 6.32 show the CT scans, inlet faces and the WH paths for the core samples stimulated 
with 18.5% EDTA prepared by sea water. 
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Figure 6.28: Normalized pressure drop versus the PV injected for the core samples stimulated with EDTA 
prepared by sea water at temperature of 250
o
F 
 
 
Figure 6.29: Effect of injection rate on PV at breakthrough at temperature of 250
o
F 
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Figure 6.30: Optimum condition for 18.5% EDTA fluid prepared by sea water at temperature of 250
o
F 
 
 
Figure 6.31: CT slices of the core samples stimulated using EDTA prepared by sea water at temperature of 
250
o
F 
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Figure 6.32: Inlet faces and WH paths for the core samples stimulated using EDTA prepared by sea water at 
temperature of 250
o
F 
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6.4 Matrix Stimulation using DTPA Chelating Agent 
Five DTPA fluid formulations were prepared to be injected in Austin Chalk core samples 
as stimulation fluids. All the five core flooding experiments were run at same conditions 
of 250
o
F temperature, 1.0 cc/min injection rate, 500 psi net overburden pressure and 1000 
psi back pressure. The objective was to determine the optimum DTPA concentration and 
pH value. All the DTPA solutions were prepared by deionized water. 
6.4.1 Materials used in the Experiments 
40% DTPA fluid having a pH of 12.0 and deionized water were used to prepare the 
stimulation fluids formulations. HCl acid was used to adjust the solution pH to the 
required value. The selected DTPA formulations were 20 %wt. DTPA 12.0 pH, 20 %wt. 
DTPA 4.5 pH, 10.0 %wt. DTPA 12.0 pH, 10.0 %wt. DTPA 4.5 pH and 4.0 %wt. DTPA 
12.0 pH. All of these fluids were stirred for at least 6 hours to insure their homogeneity. 
Austin chalk core samples of 3.81 cm size and 7.5 cm long were used in these 
experiments. Their porosities were almost similar about 30% while permeabilities were 
varied from 10 to 15 md. CT scan images showed that all of the core samples were 
looked homogeneous. Table 6.8 shows the properties and experiment condition for each 
core sample. 
Table 6.8: Core samples properties and experiment conditions- DTPA formulations 
 Units Core#1 Core#2 Core#3 Core#4 Core#5 
Rock Type  
Austin 
Chalk 
Austin 
Chalk 
Austin 
Chalk 
Austin 
Chalk 
Austin 
Chalk 
Size cm 3.81 3.81 3.81 3.81 3.81 
Length cm 7.40 7.54 7.40 7.5 7.25 
Porosity Fraction 0.28 0.29 0.29 0.29 0.29 
Permeability md 13.15 17.07 15.05 9.48 13.81 
Pore volume Fraction 24.88 24.91 24.40 24.88 23.72 
Average CT number - 2221 2202 2193 2194 2212 
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 Units Core#1 Core#2 Core#3 Core#4 Core#5 
Saturated fluid - DI water DI water DI water DI water DI water 
Stimulated fluid  
19% 
DTPA 
19% 
DTPA 
9.5% 
DTPA 
9.5% 
DTPA 
4.0% 
DTPA 
Stimulated fluid’s pH  12.3 pH 4.5 pH 12.3 pH 4.5 pH 12.3pH 
Injection rate cc/min 1.0 1.0 1.0 1.0 1.0 
Experiment temperature 
o F 250 250 250 250 250 
Net overburden pressure psi 500 500 500 500 500 
Back pressure psi 1000 1000 1000 1000 1000 
 
6.4.2 Effect of DTPA pH on Matrix Stimulation  
To study the effect of pH of DTPA on matrix stimulation treatment, four experiments 
were conducted at temperature of 250
o
F, rate of 1.0 cc/m and four different DTPA fluids 
have concentrations of 20% and 10%, and pH of 12.0 and 4.5. Figure 6.33 represents the 
effect of pH of DTPA fluid on the stimulation treatment. The figure shows clearly that 
higher pH fluids performed better in terms of the minimum pore volume required to form 
dominant WHs. For example, 20% DTPA of 12.0 pH needed only 3.7 PVs, whereas 20% 
DTPA of 4.5 pH consumed about 5.3 PVs. Same results were observed for lower 
concentration DTPA of 10%, where low pH fluid needed 6.3 PVs whereas higher pH 
fluid needed only 4.6 PVs. Figure 6.34 shows the normalized pressure drop versus the 
pore volume injected. It was clear from this figure that DTPA fluids with high pH values 
performed better than that of low values. 
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Figure 6.33: Effect of pH fluid on stimulation treatments using DTPA chelating agent at temperature of 250
o
F 
 
 
Figure 6.34: Normalized pressure drop versus PV injected for DTPA stimulation fluid at temperature of 250
o
F 
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6.4.3 Effect of DTPA Concentration 
To study the effect of DTPA concentration on the stimulation process, three experiments 
were conducted at temperature of 250
o
F, injection rate of 1.0 cc/m, and DTPA of 12.0 pH 
and three different concentrations that were 20%, 10% and 4% prepared by deionized 
water. Figure 6.35 shows the effect of DTPA concentration on stimulation process at high 
pH value. This figure showed clearly that as DTPA concentration increases, the pore 
volume to breakthrough decreases. So at constant pH value, the higher the DTPA 
concentration the lower the PV to breakthrough. This conclusion was confirmed by doing 
another core flooding experiments at different DTPA concentration and similar and low 
pH value as can be shown in figure 6.36. Figure 6.37 depicts the relation between DTPA 
concentration of high pH and PV to breakthrough. 
If the lowest volume and time to breakthrough were considered in determining the 
optimum stimulation concentration, the DTPA concentration of 10% will be the optimum 
concentration as can be shown in figure 6.38. Figures 6.39 and 6.40 show the CT scans, 
inlet faces and the WH paths for the core samples stimulated by DTPA 
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Figure 6.35: DTPA concentration effects on PV to breakthrough_ high pH fluids at temperature of 250
o
F 
 
 
Figure 6.36: DTPA concentration effects on PV to breakthrough_ low pH fluids at temperature of 250
o
F 
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Figure 6.37: DTPA concentration versus PV injected at temperature of 250
o
F 
 
 
Figure 6.38: Optimum concentration for 12.0 pH DTPA at temperature of 250
o
F 
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Figure 6.39: CT slices of the core samples stimulated by DTPA at temperature of 250
o
F 
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Figure 6.40: Inlet faces and WH paths of the core samples stimulated by DTPA at temperature of 250
o
F 
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6.5 Evaluation of Stimulation Treatments using NMR 
To study the effectiveness of NMR on evaluating the stimulation process, two stimulation 
treatments were conducted using 15% HCl acid. The objective of these experiments was 
to create WHs, and then evaluate the changes occurred to the core sample porosity after 
the stimulation treatment using NMR. 15% HCl acid with 0.3% corrosion inhibitor was 
injected in two Austin Chalk core samples at room temperature and 5.0 cc/m and 3.0 
cc/m injection rates. Figure 6.41 shows the normalized pressure drop versus the PV 
injected. Both injection rates managed to create dominant WHs at similar PV, which was 
0.45 PV.  Figure 6.42 shows the CT number of the wormholes created in both two core 
samples along their length. It shows clearly creation of wormhole with CT number near 
zero. Also the curve shows clearly that the wormhole size is decreasing towards the outlet 
of the core samples. Injecting 15% HCl at 5 cc/min showed creation of wormhole with 
bigger size than that for 3 cc/min, which indicated by less CT numbers of the WH. 
Figures 6.43 and 6.44 show the changes in the cumulative and incremental porosity 
curves for the core samples before and after stimulation. The peak in the incremental 
porosity versus T2 relaxation time curves have shifted to the right indicating that the 
water-filled pores took longer time to relax than what they were before stimulation. The 
cumulative porosity versus the relaxation time curves was reading higher values of 
cumulative porosity at higher relaxation time values, which confirmed the creation of the 
wormholes. Figure 6.45 shows the comparison between the saturation and NMR porosity 
for the two core samples stimulated with 15% HCl acid. Table 6.9 shows the results of 
the experiments and the porosity changes before and after the stimulation using the 
normal saturation procedure and NMR scanning.  
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Figure 6.41: Normalized pressure drop versus PV injected for cores stimulated by 15% HCl acid at temperature 
of 72
o
F 
  
 
Figure 6.42: CT of the WHs created by 15% HCl injected at different injection rates at temperature of 72
o
F 
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Figure 6.43: NMR before and after the stimulation for the core sample stimulated at 3.0 cc/m HCl acid at 
temperature of 72
o
F and atmospheric pressure 
 
 
Figure 6.44: NMR before and after the stimulation for the core sample stimulated at 5.0 cc/m HCl acid at 
temperature of 72
o
F and atmospheric pressure 
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Figure 6.45: Comparison of saturation porosity and NMR porosity at temperature of 72
o
F and atmospheric 
pressure 
 
Table 6.9: Results of the experiments conducted using 15% HCl acid 
 Units Core#1 Core#2 
Rock Type  Austin Chalk Austin Chalk 
Size cm 3.81 3.81 
Length cm 7.78 7.32 
Saturation porosity before stimulation % 29.3 31.0 
Saturation porosity after stimulation % 31.7 32.1 
NMR porosity before stimulation % 27.9 30.1 
NMR porosity after stimulation % 30.0 31.9 
Saturated fluid - DI water DI water 
Stimulated fluid  15% HCl 15% HCl 
Injection rate cc/min 5.0 3.0 
PV injected  0.41 0.37 
Experiment temperature 
oF 72 72 
Net overburden pressure psi 500 500 
Back pressure psi 1000 1000 
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6.6 Prediction of PV to Breakthrough and Pressure Drop across the 
Core Sample 
Pore volumes required to create wormholes can be predicted using any of the equations 
stated in chapter 2. In this section, PVs was predicted using Buijse and Glasbern 2005, 
and Mahmoud and Nasreldin 2011 models. Prediction of PVs assumed that wormhole 
growth is constant. Table 6.10 shows information of six experiments conducted at 
temperature of 250
o
 F and injection rate of 1.0 cc/m using different rock types and 
stimulation fluids. Table 6.11 shows the comparison between the actual PVs and the 
predicted ones using both models. Both models gave a reasonable prediction of PVs as 
compared to the actual one. Both models overestimated the volume required to 
breakthrough. The reason of PVs overestimation could be because Buijse and Glasbern 
model was developed for strong acids, whereas Mahmoud and Nasreldin model was 
developed for GLDA chelating agent, which considered stronger than the examined 
chelating agents. Figure 6.46 and 6.47 show the comparison between the actual and 
predicted PVs using both Buijse and Glasbern, and Mahmoud and Nasreldin models. 
 
Table 6.10: Experiments conducted at 1.0 cc/m using different stimulation fluids 
# Stim. Fluid Concentration pH Rock type Porosity k Actual PV 
  %   % md  
1 EDTA-DI 18.5 10.0 AC 29.6 16.00 3.90 
2 EDTA-SW 18.5 7.0 IL 10.2 0.60 4.90 
3 DTPA-DI 20.0 12.0 AC 29.1 18.00 5.30 
4 HEDTA-SW 20.0 4.0 IL 10.2 2.60 4.46 
5 HEDTA-SW 15.0 4.0 IL 10.1 0.60 5.07 
6 HEDTA-DI 20.0 4.0 IL 9.5 0.5 3.90 
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Table 6.11: Actual and predicted PVs using Buijse & Blasbern, and Mahmoud & Nasr-El-Din models 
 
Fluid Type 
Actual 
PV 
Predicted PV “Buijse 
& Glasbern” 
Predicted PV “Mahmoud 
& Nasreldin” 
1 EDTA-DI 18.5% 3.90 4.10 4.20 
2 EDTA-SW 18.5% 4.90 5.08 5.83 
3 DTPA-DI 20% 5.30 5.50 6.10 
4 HEDTA-SW 20% 4.46 4.63 4.75 
5 HEDTA-SW 15% 5.07 5.26 5.32 
6 HEDTA-DI 20% 3.90 4.05 4.40 
 
 
Figure 6.46: Comparison between actual PV and the predicted PV using Buijse and Glasbern (2005) model 
 
 
Figure 6.47: Comparison between actual PV and the predicted PV using Mahmoud and Nasreldin (2011) model 
0.00
1.00
2.00
3.00
4.00
5.00
6.00
7.00
E
D
T
A
-D
I 
1
8
.5
%
E
D
T
A
-S
W
1
8
.5
%
D
T
P
A
-D
I 
2
0
%
H
E
D
T
A
-S
W
2
0
%
H
E
D
T
A
-S
W
1
5
%
H
E
D
T
A
-D
I 
2
0
%
P
V
 i
n
je
ct
ed
 
Actual PV Predicted PV
0.00
1.00
2.00
3.00
4.00
5.00
6.00
7.00
E
D
T
A
-D
I 
1
8
.5
%
E
D
T
A
-S
W
 1
8
.5
%
D
T
P
A
-D
I 
2
0
%
H
E
D
T
A
-S
W
 2
0
%
H
E
D
T
A
-S
W
 1
5
%
H
E
D
T
A
-D
I 
2
0
%
P
V
 i
n
je
ct
ed
 
Actual PV Predicted PV
144 
 
The pressure drop across the core sample was predicted using Darcy’s equation after 
arrangement to account for the change in viscosity inside the core while the chelating 
agents are injected. Viscosity of chelating agent was estimated after measuring the 
amount of calcium ions in the effluents and with the help of the relations built in chapter 
5 for each chelating agent. The pressure drop equation which was used in prediction is: 
   
                            
       
   
                            
       
    ………………………(6.1)  
where Δp is pressure drop, psi, Q is flow rate in cc/min, μ is viscosity in cP, Lchelate is 
length of chelating agent inside the core in inches, Lwh is the propagation of wormhole in 
inches, Lcore is core length in inches, k is permeability in md, and dcore is core diameter in 
inches. First part of the equation represents the flow of chelating agents inside the core 
displacing the saturation fluid, which will remain until full creation of wormhole. The 
second part of the equation represents the displacement of the saturation fluid, and it will 
die when chelating agents breakthrough at the outlet of the core sample. 
The above equation was developed based on the following assumptions: 
a. Pressure drop across the wormhole can be neglected. 
b. Effect of CO2 at back pressure of 1000 psi can be neglected. 
c. Viscosity of chelating agent at maximum calcium concentration and experiment 
temperature can be estimated from the correlation developed in chapter 5. 
d. Rock permeability is constant. 
e. Wormhole propagation is linear and constant. 
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Figures 6.48 through 6.52 show the prediction of pressure drop for different experiment 
conducted at different rock and stimulation fluids types. These figures show reasonable 
match between the actual and predicted pressure drop. 
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Figure 6.48: Actual and predicted pressure drop of IL core sample stimulated by 4.0 pH, 20% HEDTA prepared 
by sea water at 0.5 cc/min and 250
o
F; showing a good match 
 
 
Figure 6.49: Actual and predicted pressure drop of IL core sample stimulated by 4.0 pH, 20% HEDTA prepared 
by sea water at 1.0 cc/min and 250
o
F; showing a good match 
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Figure 6.50: Actual and predicted pressure drop of IL core sample stimulated by 4.0 pH, 15% HEDTA prepared 
by sea water at 1.0 cc/min and 250
o
F; showing a good match 
 
 
Figure 6.51: Actual and predicted pressure drop of IL core sample stimulated by 4.0 pH, 20% HEDTA prepared 
by DI water at 1.0 cc/min and 250
o
F; showing a good match 
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Figure 6.52: Actual and predicted pressure drop of AC core sample stimulated by 10.0 pH, 18.5% EDTA 
prepared by DI water at 1.0 cc/min and 250
o
 F; showing a good match 
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CHAPTER 7 
EFFECT OF CHELATING AGENTS ON ROCK’S ELASTIC 
PROPERTIES 
7.1 Introduction  
Matrix stimulation has being widely used to treat the damaged carbonate formations. It 
basically removes the near-wellbore damage and also creates channels around the 
wellbore by means of dissolving some parts of the carbonates. Many stimulation fluids 
have been used such as HCl acid, acid mud, organic acids, chelating agents, etc. 
Wormholes created by these fluids are very effective and can decrease the skin factor 
significantly; and hence results in a noticeable increase in well productivity. Despite the 
success in creating these wormholes, diffusion of these fluids inside the pores of these 
rocks can create significant and permanent changes in rock mechanical properties. These 
changes can eventually lead to weakening the rock strength; which may lead to future 
formation damage. 
In this study, the effect of EDTA and DTPA chelating agents on rock elastic and 
mechanical properties will be investigated. The focus of the study will be on the effect of 
wormholes that created by these fluids. CT scan and acoustic tests will be conducted on 
the core samples before and while stimulation experiments. 
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7.2 Experimental Methodology 
7.2.1 Materials 
EDTA and DTPA chelating agents having concentrations and pH of 0.25M and 4.5, 
respectively for both chelants were used. Four calcite rocks, two from Indiana Limestone 
and the other two from Austin Chalk rocks having lengths and diameters of 
approximately 2.0 and 1.5 inches were used. Austin chalk core samples have porosities 
and permeabilities of 29.1%, 29.0% and 15.5 and 8.4 md; whereas for Indiana Limestone 
core samples are 13.1, 7.8 and 1.6, 0.08 md, respectively. Core samples were saturated 
with deionized water 
7.2.2 Measurements  
Core flooding system was used to conduct the matrix stimulation treatments. 500 psi net 
overburden pressure was applied on the rock to insure that the fluid is flowing through 
the core sample. 1,000 psi back pressure on the outlet of the core was applied. Pressures, 
temperature and injection rates were recorded in the system’s monitoring computer 
during each experiment. CT scanning instrument was used to quantify the changes took 
place in the core sample during chelant injection. Acoustic measuring instrument from 
New England Research Inc. was used to evaluate the changes in the elastic properties of 
the core samples. 
7.2.3 Experimental Procedures 
Core samples were first weighed dry to measure the dry weight. Core samples were 
vacuum saturated with deionized water at 2500 psi saturation pressure, then saturated 
weights were measured to calculate the porosity and pore volume of each core. Core 
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samples were also CT scanned saturated before injecting the chelants. Elastic properties 
of the samples were also evaluated at different overburden pressures up to 1500 psi to 
represent different pressure conditions. Each core sample was stimulated in steps at 
250
o
F temperature, 1000 psi net overburden pressure and 1 cc/min injection rate. About 2 
pore volumes were injected in the first step at the above said conditions. Injection was 
stopped and core sample was removed to do CT scanning and acoustic measurements as 
well as measuring core porosity and density. Above step was repeated after each 2 pore 
volumes were injected until breakthrough was reached by having near zero pressure drop 
across the core sample. Cores 1 and 2 were stimulated using EDTA chelating agent 
whereas cores 3 and 4 were stimulated using DTPA chelating agent. 
7.3 Results and Discussion  
7.3.1 Stimulation with Chelating Agents  
Both chelating agents were managed to create wormholes in both calcite rock types using 
a reasonable amount of chelant. 3.1 and 3.3 pore volumes of EDTA; whereas 7.1 and 7.6 
pore volumes of DTPA were required to create dominant wormholes in Indiana 
Limestone and Austin Chalk core samples, respectively. These results agree with the 
literature where nearly the same PVs were noted .Figure 7.1 and 7.2 show the normalized 
pressure drop versus the pore volumes injected. Normalized pressure drop was calculated 
by dividing the pressure drop while injecting chelant by the stabilized pressure drop when 
injecting deionized water at the same injection rate. Figure 7.3 shows the wormhole 
propagation inside the core samples as chelants were injected. Many holes were observed 
for the core samples with relatively high permeability and porosity values, whereas one 
or two holes were observed for the core sample of low permeability and porosity values. 
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This is mainly due to high diffusion ability of chelant in the high permeable rocks as 
compared to low permeable rocks. Changes in porosities and densities were not 
noticeable as EDTA and DTPA chelating agents dissolved only a small volume of each 
core sample; and the rest of the core sample was not affected as shown in figure 7.4 and 
7.5. As the wormholes were being created, there will be a rapid increase in permeability 
as a result of forming a wide and long pathway as shown in figure 7.6. Permeability 
improvement was effective in low permeability cores as compared to high ones. 
7.3.2 Changes on CT Number of the Core Samples 
Injection of EDTA and DTPA did not affect the average CT number of the cores as can 
be seen in figure 7.7 which shows negligible decrease in average CT number of each core 
sample. This is mainly due to small volume dissolved by these chelants, which is not big 
enough to affect the CT number of the core sample. Instead the area around the wormhole 
was affected by injection of these fluids. Figure 7.8 shows the changes in the average CT 
number of the WH as the stimulation fluids were injected. 
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Figure 7.1: Normalized pressure drop versus the PV injected of the cores stimulated by EDTA at temperature of 
250
o
F 
 
 
Figure 7.2: Normalized pressure drop versus the PV injected of the cores stimulated by DTPA at temperature of 
250
o
F 
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Figure 7.3: Wormhole propagation inside Indiana Limestone and Austin Chalk core samples after injecting 
them b EDTA and DTPA chelating agents at temperature of 250
o
F 
 
 
Figure 7.4: Porosity changes while injecting EDTA and DTPA chelating agents at temperature of 250
o
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Figure 7.5: Density changes while injecting EDTA and DTPA chelating agents at temperature of 250
o
F 
 
 
Figure 7.6: Permeability changes while injecting EDTA and DTPA chelating agents at temperature of 250
o
F 
2.0
2.1
2.2
2.3
2.4
2.5
0 0.2 0.4 0.6 0.8 1 1.2
D
en
si
ty
, 
g
m
/c
c 
Normalized PV Injected 
Core#1_EDTA Core#2_EDTA Core#3_DTPA Core#4_DTPA
0
200
400
600
800
1000
1200
1400
0 0.2 0.4 0.6 0.8 1 1.2
P
er
m
ea
b
il
it
y
, 
m
d
 
NormalizedPV Injected 
Core#1_EDTA Core#2_EDTA Core#3_DTPA Core#4_DTPA
156 
 
 
Figure 7.7: Changes on the CT number while injecting EDTA and DTPA chelating agents at temperature of 
250
o
F 
 
 
Figure 7.8: Changes on the CT number of the WHs while injecting EDTA and DTPA chelating agents at 
temperature of 250
o
F 
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7.3.3 Effect of Chelating Agents on the Rock’s Elastic Properties 
As mentioned earlier, the injected fluids dissolve some of the rock material and create 
wormholes.  Creation of wormholes inside the rock will alter the elastic as well as 
mechanical properties of the rock especially near the walls of the wormholes. 
Unfortunately, measuring elastic and mechanical properties of the walls of the wormholes 
were not possible during this study, that is why the changes of elastic and mechanical 
properties of the whole core sample was considered as an evaluation tool to investigate 
the changes occurred during injection of stimulation fluid. 
Figure 7.9 shows the changes in the compressional wave velocity as the stimulation fluids 
are injected. The figure shows a negligible effect of the chelant volume injected on the 
compressional velocity. This mainly because the channels that created by these chelants 
were narrow enough to have a negligible effect on the plastic wave velocity. Also the 
water that filled these tunnels will not have a big impact on the compressional wave as 
the water volume is small as compared to the bulk volume of the core sample.  
Figure 7.10 shows the effect of stimulation fluids volume injected on the shear wave 
velocity. For the case of Indiana Limestone core samples, there were no big effect on the 
shear velocity due to the negligible volume of rock dissolved by each chelant. That is 
why shear wave velocity did not affect much by the fluids that filled the wormhole of 
Indiana Limestone core samples. So there were no noticeable changes in the shear 
velocity. But for Austin chalk core samples, the increase in the porosity was more than 
10% of the original porosity. That is why the shear wave velocity affected much by the 
fluids that in the WHs as the shear waves do not propagate in fluids. In fact, shear wave 
lost about 35% of its original velocity. 
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Acoustic wave velocities can be further used to estimate the rock's elastic moduli as well 
as Poisson’s ratio changes as stimulation fluids are injected. For both chelants, Austin 
chalk core samples showed significant changes in the elastic moduli as compared to 
Indiana Limestone core samples. This is mainly because chalk rocks have small rock 
strengths than that of limestone rocks. On top of that, high values of porosity and 
reasonable values of permeability let weak stimulation fluids such as EDTA and DTPA 
to diffuse to a big volume and dissolve high amount of the rock. Thus, elastic properties 
may alter significantly not like that in low permeability rocks such as Indiana Limestone. 
For instance, Young's Modulus of Austin Chalk core sample has decreased by more than 
55% of its original value, whereas for Indiana Limestone the decrease is only about 5%, 
as shown in Figure 7.11. The decrease in Young modulus of Austin chalks claims that 
these rocks became less stiff when stimulation fluids were injected. The more stimulation 
fluid is injected, the less stiff the chalk rocks will be. Decreasing Young modulus will 
lead to high potential of rock failure if previous forces are applied to the rock. Figure 7.12 
shows similar trend on the shear modulus as compared to Young’s modulus for both rock 
types. For Indiana Limestone samples, changes in shear modulus were negligible and 
hence the rock did not affect much in terms of rock shear stress. For the case of Austin 
Chalk rocks, shear modulus decreases indicating that the rock shear potential was 
increased as a result of injecting these fluids. Figure 7.13 shows the changes on the bulk 
modulus as the stimulation fluid is injected. Negligible changes were noticed for Indiana 
Limestone samples, whereas noticeable changes were observed for Austin Chalk 
samples. The increase in the rock’s bulk modulus for the case of Austin Chalk samples 
was because the rock become weaker and losing the ability of compression without being 
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deformed. This means it is not possible to apply the same stress and get the same volume 
compression similar to that before injecting the stimulation fluids. Figure 7.14 shows the 
relation between Poisson's ratio and stimulation fluid volumes injected. No changes were 
noticed for the case of Indiana Limestone, whereas there was noticeable increase in the 
Poisson’s ratio as the stimulation fluids were injected. The increase in Poisson’s ratio 
suggested that these core samples behaved more ductile than what they were before 
injecting the stimulation fluids. Table 7.1 shows the original properties of all the core 
samples before injecting the stimulation fluid. 
 
Table 7.1: Properties of the core samples 
# Property Unit Core#1 Core#2 Core#3 Core#4 
1 Rock Type - 
Indiana 
Limestone 
Austin 
Chalk 
Indiana 
Limestone 
Austin 
Chalk 
2 Porosity - 0.13 0.29 0.078 0.290 
3 Permeability md 1.60 15.00 0.08 8.40 
4 Saturated density gm/cc 2.37 2.12 2.469 2.140 
5 Average CT number - 2597 2179 2701 2176 
6 Compressional velocity m/sec 4771.00 3294.00 5177 3314 
7 Shear velocity m/sec 2329.00 1662.00 2508 1596 
8 Poisson's Ratio - 0.34 0.33 0.347 0.349 
9 young's Modulus GPa 34.60 15.50 41.83 14.49 
10 Bulk Modulus GPa 36.97 15.14 45.57 15.99 
11 Shear Modulus GPa 12.87 5.84 15.53 5.37 
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Figure 7.9: Plastic wave velocity changes while injecting EDTA and DTPA chelating agents at temperature of 
250
o
F 
 
 
Figure 7.10: Plastic wave velocity changes while injecting EDTA and DTPA chelating agents at temperature of 
250
o
F 
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Figure 7.11: Changes in the Young modulus while injecting EDTA and DTPA chelating agents at temperature of 
250
o
F 
 
 
Figure 7.12: Changes in the Shear modulus while injecting EDTA and DTPA chelating agents at temperature of 
250
o
F 
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Figure 7.13: Changes in the Bulk modulus while injecting EDTA and DTPA chelating agents at temperature of 
250
o
F 
 
 
Figure 7.14: Changes in the Poisson’s ratio while injecting EDTA and DTPA chelating agents at temperature of 
250
o
F 
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CHAPTER 8 
CONCLUSIONS AND RECOMMEDNATIONS 
8.1 Conclusions  
Comprehensive matrix stimulation studies using chelating agents were performed. 
Solubility screening studies were conducted on these chelating agents to investigate their 
solubilities at different conditions and different pH environments. Matrix stimulation 
treatments were performed at different conditions and different rock types to determine 
the optimum conditions for the selected chelating agents. Many laboratory instruments 
were used throughout this research to achieve the agreed objective. The following 
conclusions can be drawn from the interpretation of the results of this research: 
 Solubility studies showed that DTPA, HEDTA and GLDA chelating agents were 
soluble at lower pH environment for higher and lower chelant concentrations. In 
fact the pH of these chelating agents can be decreased to 2.0 or even less without 
any precipitations. Preparing the chelating solution of any of the above chelating 
agents by sea water does not affect its solubility. 
 EDTA chelating agent was not soluble in all pH at any concentration. As EDTA 
concentration increases, minimum pH increases to reach about 7.5 for EDTA 
concentration of 40%. Lower pH of 3.0 was achieved by decreasing EDTA 
concentration to 3.7%. Preparing EDTA by sea water decreased the solubility of 
EDTA, and it was found that the minimum pH value was 5.45 at EDTA 
concentration of 5.0%. 
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 Studies on HEDTA, DTPA and GLDA chelating agents as well as acetic and 
citric acids as iron control agents concluded that: 
o None of the studied cheating agents were soluble in 28% wt. HCl acid. 
o HEDTA and GLDA were soluble in 20% HCl acid at concentration of 
5.0%, whereas DTPA was soluble at concentration of 7.5% wt. 
o All of the chelating agents have no solubility issues in 15% wt. HCl acid, 
as they were soluble at concentration as high as 20%. 
o Using sea water instead of deionized water in mixing decreased the 
solubility of chelating agents in 28% and even 20% HCl acid. In fact none 
of the studied chelating agents was soluble at HCl concentrations higher 
than 20% expect DTPA which was soluble in 20% HCl acid at 
concentration of 2.5%. No solubility issues for the case of 15% HCl. 
Based on that, it is not recommended to prepare HCl acid by sea water for 
concentrations higher than 20%. 
o Acetic acid does not have solubility issues in all HCl concentrations up to 
28% when prepared by deionized water, as up to 10% acetic acid was 
mixed by HCl at different concentrations without any solubility issues. For 
28% HCl acid prepared by sea water, acetic acid was not soluble at any 
concentration. For HCl acid concentrations of 20% and less, acetic acid 
was soluble. 
o Citric acid was soluble in HCl concentrations up to 28% at concentration 
of 10%. Also citric acid solubility does not affected when HCl acid 
prepared by sea water. 
165 
 
o No improvement in chelating agents solubility in 28% HCl acid was 
observed when acetic and citric acids were mixed with the chelant/HCl 
formulations.  
o Adding 5% of DTPA or HEDTA chelating agents to 20% HCl acid 
managed to keep 3000 ppm of ferric ions in solution at pH up to 4.4, 
whereas adding 5% of GLDA managed to prevent 3000 ppm ferric ions 
precipitations for pH up to 2.75 only. 
o Adding 2.5%/2.5% of acetic/citric acids managed to prevent ferric ions 
precipitations for pH up to 4.0. 
 Density and viscosity of different chelating agent formulations were measured at 
different temperatures and pH values. Also the above physical properties were re-
measured at different temperatures and pH values after adding specified amount 
of calcium ions to the chelating agents.  
 Surface tension between EDTA, HEDTA and GLDA chelating agents at low pH 
value and crude oils of different API gravities were measured at room conditions. 
It was found that surface tension increases with the increase in the chelating 
agent’s concentration and decreases with the increase in the crude oil API gravity. 
Similar trend was observed for the spent EDTA chelating agent. 
 Comprehensive core flooding experiment were conducted using different 
chelating agents at different concentrations and pH values and different treatment 
conditions of temperature and injection rates. The following were the main 
conclusions of these experiments: 
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o There exist an optimum injection rate between 0.5 and 1.0 cc/m for 4.0 pH 
20% HEDTA chelating agent prepared by sea water. This optimum range 
was confirmed by conducting two sets of treatments at different 
temperatures. But when taking both the time and volume to breakthrough 
into consideration, the optimum injection rate lies between 1.5 – 2.0 cc/m. 
o Pore volume to breakthrough was increased as the experiment temperature 
decreased when 4.0 pH 20% HEDTA was used as a stimulation fluid. 
o Experiments conducted at different HEDTA concentrations showed that 
4.0 pH 10% HEDTA is the optimum HEDTA concentration which 
resulted in the lowest time and raw HEDTA volume to create the 
wormholes. 
o Sea water did not affect the performance of HEDTA chelating agents as 
similar results were observed for both HEDTA fluid prepared by 
deionized water and sea water. 
o Studies conducted for EDTA chelating agents showed that solution pH has 
a significant effect on the stimulation treatment. Low pH EDTA solutions 
require less amount of stimulation fluid to achieve better stimulation as 
compared to higher pH solutions.  
o 4.5 pH 9.25% EDTA fluid performed better than 10.0 pH 18.5% EDTA 
fluid in terms of volume to breakthrough. This is mainly due to acidity 
nature of the first fluid which stimulate by de-protonation and chelation at 
the same time. 
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o DTPA chelating agent worked better in alkaline environment rather than 
acidic environment. This was confirmed by conducting stimulation 
experiment using DTPA solutions at low and high pH values. The high pH 
solutions required less amount of stimulation fluid as compared to low pH 
solutions. 
o The optimum DTPA concentration was found to be 10% when taking both 
the time and volume to breakthrough into considerations. 
 Separate stimulation treatments were conducted using EDTA and DTPA chelating 
agents to investigate the effect of chelating agents on the rock’s elastic properties. 
The following are the mains conclusions of these experiments: 
o A 0.25 M 4.5pH EDTA and DTPA chelating agents were managed to 
create dominant wormholes for both calcite rock types that are Indiana 
Limestone ad Austin Chalk. Less than 3.5 PVs of EDTA was consumed to 
create the wormholes, whereas more than 7.0 PVs of DTPA was required. 
o A noticeable change in rock porosity and saturated density were observed 
after creating the WH, which is the indication of WH diameter 
enlargement. 
o  Changes of elastic properties of denser calcite rocks such as limestone 
were negligible as chelating agents created narrow tunnels. 
o  Lighter calcite rocks such as chalks demonstrated strong alteration on the 
elastic properties during injection of EDTA and DTPA chelating agents. 
o  Austin Chalk core samples observed changes of rock behavior from 
elastic to ductile as the stimulation fluid is injected. 
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o  In general, stimulation with chelating agents will not have a severe effect 
on the rock’s mechanical properties in terms of rock strength especially in 
hard, low permeability rocks; which in turn make chelating agents one of 
the good stimulation fluids. 
 
8.2 Recommendations 
 More studies can be performed to investigate the effect of solution pH on the 
stimulation treatments for the fluids prepared by sea water. 
 Effect of rock properties such as porosity and permeability as well as core length 
can further be investigated for the stimulation fluids prepared by sea water. 
 Effect of chelating agents on the rock’s elastic properties can be further 
investigated at different solution pH and concentrations. Also the effect of the 
injection rate and experiment’s temperature can be assessed. 
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